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INFORMATION SOURCES 


The pertinent reference material needed to perform the Trade->off study activities 
was obuined using the following modes of information retrival and acquisition: 

1) CRF technical daa files on vehicle components performance and characteristics 

2) Library technical literature searches and retrieval 

3) Information obuined from personal conucts (meetings or long distance phone caUs) 
or via Telex from Phase I Subcontractors B. Boveri, .M. .Marelli, Pirelli and 
Pininfarina. 

For the last item, the following List of meeting and/or Telex referencing is provided: 
A — Brown Boveri Corp 

1) Design RcNaew .Vieetings: 

111 HEIDELBERG. Jan 29. 79 

t2) TURIN. Mar 21, 79 - CRF Meeting Report SRE • 023/79 

(31 TURIN. Apr 27, 79 - CRF Meeting Report SR 540/79 

2) Telexes 

(41 FEB 2, 79 TWX • Dau on 32 kW Na-S battery 

(51 APR 4. 79 TWX ■ Data on 36 kW Na-S batter>' 

B - .VI Marelli Co. 

I 

[)esign Review Meeting: 

(61 MILAN. Mar 12. 79 

C — Pininfarina 

Design Review Meetings: 

(71 TURIN, Jan 25, 79 
(81 TURIN. Feb 16. 79 


M 


1.2 REFERENCES 


Appropriate references for the material used to perform the Trade*off Studies have 
been provided in the text. 

While a list of references to the Subcontractors' contributions has already been 
provided on the previous Subsection 1.1, this subsection, related to items 1) and 2) of 
said $ubse'*tion, is presented to e.xpliciily comply with JPL data requirements. 

Since some references are refirrred to on more than one Report section, a single list 
was used covering the remaining Sections 3 through 5. 

1 1) L. .Moreilo et al., "FI.^T Research Center Hybrid N'ehicle Protonpe” SAE 
Technical Paper Series 790014. Congress Si Exposition Cobo Hall, Detroit. Feb. 

26 • Mar. 2, 79. 

I 2] ’‘\'an Doorne .\utomatic Transmission Characteristics” CRF Report No. SAS 

11/78. .May 24, 78. 

[ 3] “Van Doome .Automatic Transmission Efficiency” CRF Report .No. SAS 31/78. 
Sept 19, 78. 

I 4) “DAF Variomatic Transmission: Bench Testing” CRF Report No. 0398/75, Jun 
23,75. 

( 5] “DAF Variomatic Transmission : Vehicle Dynamometer Testing” CRF Report 
No. 0123/74. Feb 13,74. 

( 6] "DAF Variomatic Transmission: V'ehicle Consumption Testing” CRF Report No. 
0750/74. Aug 20, 74. 

( 7J "Engine Powertrain Electronic Control Strategies” Special Report for DOT-TSC 
(unpublished) Nov 78, 

{ 8) "Test Data Gearbox Efficiency" FLAT 124 .A. 100 Gearbox, CRF Report. .Aug 26. 74 
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{ 9) “Test Data Differential Gear Efficiency” FIAT 124/131 Differential CRF Report 
10/43, Jul 3. 74. 

(101 D.C .Motor Type 910.41 1 • Test Data on Serial .No. .MT 290-20/144, Jan 25. 79. 

(11) Rinolfi et al., “Optimization of Vehicle Engine Operation by means of an 
Electronic Control System using on-board Ultrasonic Air Flow Measurements”, 
International .Meeting of Industrial Electronics, Turin EXPO.Sept 29-30, 77. 

(12) “Engine Mapping: Test Run Automation and Data Processing” CRF Report No. 
RIC 889/78, Nov 9. 78. 

(13) “Mission Analysis and Performance Specifications Studies”, Apr 79, Phase I of 
the Near Term Hybrid Passenger Vehicle Development Program. 

(14) Torque Converter. Make- Ferodo. Type 216.02.02.14 • Serial .No. 1193. 

(15) Dadone.".Machine Fundamentals”, Glut Edition, Turin, 74. 

(16) “ChecTolet's Eurosedan Supercars”, .Motor Trend Nov 77, pages 64-67 and 106. 

(17) “Facts and Figures 78”. Ibid 106. 

(18) “The New Chevrolet • 1977 Caprice Classic and Impala” C.M Pamphlet 3411, Sept 
76. 

(19) “Design Handbook 1985", Automotive Industries, Jan 1, 79. 

(20) “GANLMA SEDAN" Pamphlet by Lancia Advertising and Promotion. .Apr 79. 

(21 ] LiC .MOTOR TYPE 910.41 1 • .Vlanufacturing Drawings FLAT CRF-RIE. Electrical 
Systems. DWG No. Pr Sa729, Jan 9. 76. 
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SECTION 2 
SIGNIFICANT ASSUMPTIONS 


The following assumptions have significantly influenced the decisions made in 
setting the Trade-off studies strategy- or in identif>ing the required methodologv’ and 
results. The assumptions of the first t^^e have been listed as General Assumptions on 
Subsection 2.1 while those of the second t>’pe have been listed as Operating Assumptions 
on Subsection 2.2. 


2.1 GENERAL ASSUMPTIONS 


2.1.1 To meet the 1985 fuel economy requirements with the projected new car fleet 
mL\, the large size 1985 vehicle shall incorporate all the available advanced design 
concepts contributing to the improvement of fuel economy characteristics. This 
assumption will be validated during the Preliminary Design Task. 

2.1.2 While the “hybridization” of any conventional car could provide significant fuel 
savings, only advanced design concepts would provide ma.\imum petroleum 
savings with respect to the fuel economy characteristics of the 1985 new car fleet. 

2.1.3 The optimization of an advanced vehicle design, which initially contains a 
significant number of uncertainties on v'arious items and components, should be 
properly accomplished when the vehicle design characteristics definition has 
reached an acceptable level of preliminary’ detail. 

2.1.4 The unavoidable presence of design uncertainties on advanced components and 
materials should not let loose approximation to be used in the design 
characterization of the well established items which, on the contrary% must be 
analyzed in all the available details so chat the overall expected accuracy of the 
design results is maximized and kept within acceptable limits. 
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2.2 OPERATING ASSUMPTIONS 


2.2.1 Due to the fact that a hybrid vehicle could be operated in the hybrid mode by 
means of appropriate control strategies \iithout discharging the battery, it is 
assumed that the batter)' choice Null not be made as a function of the required 
driving range capabilit)' but as a function of the attainable fuel economy. 

2.2.2 The battery size and weight should be therefore defined and selected as the 
maximum which could be conveniently carried by the vehicle without 
significantly affecting the vehicle size and handling characteristics. 

2.2.3 The thermal engine size and characteristics are defined to let the vehicle reach its 
maximum speed on flat road using thermal power only at the maximum engine 
power. 

2.2.4 The electric motor size and characteristics are defined to provide the vehicle with 
the additional power required to meet the various performance requirements. 

2-2.5 A Max/Min ratio of 4 is assumed to be appropriate for the Continuous V'^ariable 
Ratio Transmission, the maximum ad minimum ratios being symmetrical with 
respect to the direct ratio. 

2.2.6 Production costs arc evaluated for production lc\-cls of 1,500 vehiclc/day or 
above. 


2-3 


SECTION 3 


METHODOLOGY DESCRIPTION 



I 

i 

h 

1 

s 

i 


The Mission Analysis results have confirmed the validity of the basic assumption of 
our Proposal with respect to the Trade-off Studies expected results. 

In line with JPL statement of work: 

“Identify', by means of Trade-off studies of design elements, the 
most promising design concept in terms of achievable petroleum 
savings to be developed during the preliminary* design”, 
our strategy, in defining and setting up the Trade-off task of the Phase I effort was 
accordingly based upon the following key points and corresponding CRF positions. 

1) To be conscious of requirements to achieve job objective. 

.Awareness of the fact that, by assumption, only advanced design concepts (to be 
validated within the Phase II timeframe) could provide maximum petroleum savings 
through the development of a hybrid vehicle as defined by the JPL RFP and 
contract. 

2 ) To be conscious of existing know-how/know-v.hat constraints 

Awareness of the need to reach reasonable design definition of the various vehicle 


components and sy'stems before reliable assessments could be made on design 
elements optimization of such a complex entity like an advanced type vehicle. 

3) To be conscious of the limited comparabilin* among independent optimized 


jroaches. 


Awareness of the fact that independent design approaches to the solution of an 


identical set of basic design and performance parameters through the “optimization” 
of loosely defined advanced concepts or data, could lead to alternative results which 
can be hardly weighed against each other. 

4) To be conscious of the need for adequate design tools. 


Availability to support our Phase I effort of an advanced and powerful design tool 
such as the “computer simulation model for vehicle performance calculations", 
which allow CRF to simulate any combination of vehicle configumtions icon- 
ventic.'..:!, hybrid and electric), components and design parameters and calculate 
any significant pertormance parameter under any operating condition. 
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As a conclusion wc had proposed to extend the scope of CRF effort during Phase I 
by thoroughly comparing, under similar conditions, a wide choice of configurations and 
components and carr\*over the design optimization process of what, in a broader 
meaning, can be assumed a single hybrid vehicle design into the preliminar>' design stage. 

The identification of a single basic vehicle model (e.g. Engine, Motor, Battery), on 
which a limited number of design alternatives can still be analyzed, optimized and 
compared with greater accuracy and detail and maybe mantained at the end as ranked 
option choices was therefore set in our Proposal and mantained throughout the 
accomplishment of the Task-2 effort, as the main gor' of the Trade-off Studies. 
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3.1 SUMMARY OF PRINCIPAL STUDY ACTIVITIES 


The Trade-off studies described in this report, being in-line with the following 
slightly modified contractual statement of work: 

“Analysis of vehicle design elements to develop grounds for H.V'. 
design which best achieve vehicle specifications through: 1) the 
availability of systematic means of estimating effects of design 
elements on vehicle performance; 2) examination of Trade-offs 
between signiHcant performance parameters to obtain comparable 
rather than optimal operation: 3) definition of effects of design 
alternatives on the energv' consumption measures aiming at the 
selection of a single basic design concept which can be optimized 
during the preiiminar\’ design for a limited number of surviving 
alternatives”, 

have been somewhat adjusted to match the design appro; ch our experience in the 
development of advanced vehicles has proven to be the most fruitful and rewarding. 

We have therefore anticipated, in some instances,depths of analysis more proper of a 
preliminary design stage, while leaving to the preliminan,' design itself the optimization 
effort on the basis that the available vehicle simulation model can provide us with a 
complete set of new vehicle performance characteristics, within a day from the definition 
of an. updated set of vehicle design parameters. 

Parametric analysis during the Trade-off studies has been therefore limited to those 
cases where major design decisions where involved (e.g. potential impact on achievable 
fuel economy of the aerodynamic drag coefficient) or where initial design assumptions 
had to be revised to obtain proper compliance with minimum requirements and/or 
performance specifications, or matching of some performance parameters to improve the 
visibility of trade-off conditions between alternative solutions. 

On the other hand we have concluded that other major design decisions (e.g. control 
strategj') did not significantly influence the Trade-off stage, as they could be optimized 
almost indipendently for various paramaters at no appreciable extra cost. It was therefore 
felt appropriate to limit the effort to the assessment of whether a design optimization 
could appreciably alter the performance ratios between the alternatives under evaluation. 

Stretching out in conclusion the above concepts, it can be stated that, in our 
appruach,Dcsign Trade-off and Frciiminary Design are almost concurrent activities; during 
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the first stage, accounted for in this report, Preliminary Design type activities have been 
carried out to the extent required to define trade-offs between conceptual alternatives. 
During the second stage, corresponding to Task-3 of Phase I, Trade-off t>’pe activities will 
continue to the extent required to optimize the preliminary design being developed. 

Having outlined the main criteria which our strategy in sening up the Trade-off 
study methodology was based upon, the methodology itself can now be specifically 
addressed. 

Once again it must be emphasized the role played by the availability of a design tool 
such as the “computer simulation model for vehicle performance calculations": having 
been a conditioning element in our strategy's choice, it has represented an effective 
backbone supporting and conditioning most of the Trade-off activities. A deuiled 
description of the model’s characteristics and capabilities is provided in appendix .\.3-l^ ^ \ 

The various sides of toe methodologx' used in the Trade-off studies can be 
summarized as follows 

1. Trade-off study activities 

2. Trade-off analysis process 

They will be analyzed in their main aspects and interrelationships in this subsection; 
the Trade-off Study activities will be also described in greater detail in the following 
subseaion or in the related appendices. 

It is appropriate to point out that, while the actual effort performed and know how 
developed under this contract are fully covered in this methodology section, the concepts 
already presented in our proposal or specific design tools and methodologies previously 
developed and therefore significantly contributing to the existing CRF capabilities in 
accomplishing the task’s objective,are presented as references in the appendix section. 


3.1.1 Trade-off Study Activities 

The methodolog)’ used during the study can be best illustrated by the following list 
of activities that were conducted. A discussion of each activity is contain«.d in the 
detailed description that follows on Subsection 3.2: 

a) Review of alternatives — reviewing all the available alternatives to select the 
alternatives to be analyzed and evaluated for Trade-off purposes. 

b) V'chicle architecture - identifying vehicle architccture(s) applicable to the 
alternatives under evaluation and defining basic vehicle scheme (s). 


(1) Sec Ref. [1] Subsection 12 
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c) Analysis and evaluation of alternatives - definition of design parameters and 
calculation of the performance parameters going throu^ the following steps for 
each of the selected alternatives 

(1) Identify Power, Ratios, Battery Weight etc. 

(2) Identify detailed Vehicle Weight and Size. 

(3) Calculate Vehicle Consumptions and Emissions 

(4) Analyse Production Costs 

( 5 ) Calculate Vehicle Performance 

(6) Assess Reliability, Availability, .Vlaintenability. 

(7) Analyse Life Cycle Costs 

(8) Assess Operational Quality and identify Safety Requirements 

d) Review of Tradeoff Dau - assessment of trade-off studies results, identification of 
optimal design concept and solution(s) to be developed during the preliminaiy' 
design. 

A. data flow diagram indicating the relationship between the various activities and 
the corresponding major outputs is shown in Fig. 3.1-1. 


3.1.2 Trade-off Analysis Process 

The Trade-o^ Analysis process carried-out during the Trade-off studies is shown in 
Fig. 3.1.-2; it has been subsuntially in line with chat described in our proposal. This 
Subsection provides some comments on the differences or scope adjustments that die 
accomplishment of Task-2 more properly required. 

In the block diagram of Fig. 3.1-2 dotted line blocks identify alternatives which, 
while analyzed during Task-2 did not lead to a Trade-off conclusion (at least for some of 
them, e.g. batteries as far as COMPONENTS are concerned) or activities which could not 
be fully covered as planned since they have resulted to be more appropriate for the 
following suge of Trade-off assessment in support of Preliminary Design decisions, due to 
the more in-depth knowledge then available. 

While therefore the Trade-off studies have defined the optimal configuration of the 
power train, battery alternatives and corresponding engine/motor power and 
characteristics will be, in accordance with our proposal, more in depth analysed during 
the Preliminary Design. TI»e evaluation of the Available Operational strategies also has 
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sho>%7) that, for each solution, the control strategN* should and could be optimized at the 
same cost; so that it would not be relevant in terms of Tradeoff decisions. 

With respect to the Tradenjff activities originally planned, the evaluation of Vehicle 
Fabrication £nerg>- has shown that additional progress in preliminar>* design development 
is required before assessmenu could be made with an accepuble expected accurac}'. The 
same applies to the Evaluation of Energy Domestic Consumption changes. 

On Evaluation of Alternatives Flexibility to perform other .Missions it was realized 
that a key role on this capability would be played by the control strategy’ and therefore, 
while the flexibility’ would ultimately exis' for all alternatives as a result of the intrinsic 
flexibility of the strategy itself, it would mainly be a matter of Trade*off in the only 
variable then available, that is fuel consumption. 

Finally the analysis of Potential .Vlarket Penetration, being so dependent on the 
previous assessment, has also been included in the con<:lusive stage o. Trade-off decisions. 


3.2 DETAILED DESCRIPTION OF STUDY ACTIVITIES 


3.2.1 Review ot' the Alternatives 


As outlined in our proposal, a wide range of alternatives exist in selecting 
conHgurations, components and operational strategies of a propulsion system for a hybrid 
vehicle. To provide background' Information a summary description of such alternatives ' 
presented in Appendix A.3*2. 

In reviewing the alternatives to be analysed, it wu decided to save the effort to 
quantitatively assess, as per our propoul, the series configuration performance-, the 
propulsion system alternatives were accordingly reduced to tw*o basic parallel 
confi|zurations,with and without Continuously Variable Ratio Transmission (CVRT)^^\ 
the first one including three possible variations: 

a) CVRT handling both the ICE and electric motor powers, 

b) CVRT handling the ICE power only, 

c) same as b) with a clutch to dUconnect the electric motor when 
“not operable”. 

As component alternatives to be analysed during Trade*off stage , the 
exating-technoiog}'. low-energy Lead*Acid and the advanced-technology, high-energy- 
Sodium-Sulphur baneries w-ere maintained to include die full spectrum of attainable 
performance. Preliminary dan on these baneries are provided in Appendix A.3-3. 

As control strategy alternatives it was initially usumed to include the analysis of 
cradeKiff in performance as a result of fixed point/line and/or continuous/on*off mode 
operation. Later on during the studies, it was concluded that the control strategy should 
play a role of “free variable", allowing the optimization of each configuration without 
{xactical limits in strategy sofutication at no extra cost^?^ 

The Review of the Alternatives was then specifically intended to only address the 
propulsion system altenutives which were already considered in our proposal; in defining 
the vehicle architecture as described in the following subsection, it appeared however 
that, in principle, a number of alternatives also existed in the vehicle characterization. 
While this topic was not addressed in our proposal, as being conditioned by the .Mission 
Analysis results, the Trade-off studies could have included, if appropriate the evaluation 
of Vehicle Architecture alternatives as weU. 

Since howcv'cr the Vehicle Architecture study has identified without uncertainties a 

(1) See References [2] through [6], Subsection 1.2 

(2) See Ref. (7), Subsection 1.2 
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single optimal hybrid vehicle configuration which could best suit the identified Mission, 
the evaluation of alternatives during the Trade-off studies did not get beyond the 
boundaries of the propulsion s\'stems. 


3.2.2 Veh icle Architecture 

Preliminary Mission Analysis results had shown that Vehicle Architecture should fit 
a general purpose six-passenger car with over 100- mile daily range capability and 
competitive performance/price characteristics with respect to conventional vehicles. 

The most influencing element, in defining the architecture of a Hybrid Vehicle is 
represented by the traction battery, due to its relevant weight and size. The battciy itself 
is not, on the other hand, significantly conditioned by the daily range requirement, as it 
would be in an electric vehicle, because by means of appropriate control strategies various 
battery discharge levels could be obtained for any driving range which would correspond 
to different values of achievable fuel economy. 

The batterv’ size would mainly depend on the required electric motor power which 
in turn depends on the total required vehicle power and on the ratio between thermal and 
electric power. However the total required vehicle power to provide the required vehicle 
performance depends on vehicle rolling resistance and aerodynamic drag which in turn are 
related to vehicle architecture dependent elements such as suspensions and body profile 
and ffonul area. 

The methodology' used to define the Vehicle Architecture as well as the Propulsion 
System characteristics has necessarily used an iterative approach which, upon some 
assumptions, led to corresponding decisions or calculations and then to an assessment of 
adequacy to the assumptions themselves and to the required adjustments. 

Before starting the actual Vehicle Architecture study a preliminary assessment of the 
aerodynamic drag and rolling resistance impact on vehicle power was made which led to a 
tentative selection of the corresponding coefficients and accordingly to a tentative 
identification of engine and electric motor power resulting in prclimina'x’ battery weight 
and size values. On such a basis the actual process of V'ehiclc Architecture definition was 
, ’arted and completed according to the step by step selection procedure shown on Figure 
3.2-1. .\t each step the various possible choices were analyzed and evaluated to provide 
the best expected combination of functionality', efficiency, comfort, safety and fuel 
economy. 
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At the end of such a procedure the resultant vehicle characteristics were verified 
with those of the existing models and a reference conventional vehicle was selected 
which, by appropriate adjustments, could best match the advanced vehicle characteristics 
so identified. Critical items were also identified which would require further 
developments to match the initial assumptions. 


3.2.3 Evaluation of the Propulsion System Alternatives 

3. 2.3.1 Propulsion System Power and Transmission Ratios 

On the basis of the vehicle aerodynamic drag and rolling resistance characteristics 
established at the Vehicle Architecture level, more accurate calculations of the Engine 
and .Motor power were performed under the usual assumptions: 

a) maximum vehicle speed obtained using thermal power only 

b) electric power used as needed to meet the other performance specifications. 

The corresponding battery power was then checked against previous estimates and 
detailed electrical models were obtained from B. Boveri and .M. .Marelli subcontractors 
(for Sodium-Sulphur and Lead-Acid batteries respectively/^^ which were added to the 
SPEC78 data base (Sec Appendix A.3-1 “Mathematical Model for Performance, 
Emissions and Consumption Simulation of Conventional. Hybrid and Electric Vehicle 
Propulsion Systems”). 

Tentative transmission ratios were accordingly calculated for the various Alternatives 
under evaluation which were properly adjusted to meet (or slightly exceed) the various 
performance requirements.^^\ 

The effect of transmission ratio variations on the Power v'S. speed plots is shown in 
qualitative terms for the thermal engine on Figure 3.2-2 and for electric motor on Figure 
’. 2-3 < 2 ). 

Due to the iterative approach that a complete simulation of the various components 
non-linearities had required, no effort was made to exactly match said specifications for 
every’ alternative as the overall goal of making trade-off assessments feasible and reliable 
as well, did not require such a waste of efforts. 

Any gain in one vehicle performance parameter, due to some more favorable design 
parameter characteristics, would have been in fact compensated by some loss in another 
performance parameter and the two would have been averaged out in the final overall 
cs’aluation. 

(1) See References [ 1) through ( 6 j, Subsection 1.1 

(2) See References [8] through [10], Subscctum 1.2 
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riG. 3.2-2 - ENGINE POWER VS VEHICLE SPEED 



FIG. 3.2-3 - ELECTRIC MOTOR POWER VS VEHICLE SPEED 
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3.2. 3.2 Vehicle Weight 


The detailed Vehicle Weights were obtained starting from a detailed analysis of the 
current conventional vehicle selected as reference vehicle. 

As a second step all the additional equipment that would be required on a 1985 
conventional U.S. passenger car were added or substituted, as appropriate and 
appropriate addition and/or substitution were then made to convert the conventional 
propulsion s)'stem into an adequate hybrid propulsion s^'stem, assuming that :urrent 
components and/or technologies were used as practical. 

As a third and final step, for each component and/or subsystem, assessments were 
made to identify the w'eight reductions which could be expected as a result of the 
Advanced Technologies and Components which, upon validation during the H.V. 
Program’s Phase II, should be made available and used for 1985 mass production of 
hybrid vehicles. The overall effort of vehicle weight estimating was, to a large extent, one 
side of a single analysis of vehicle composition also used, as outlined in the following 
section 3.2. 3.4, to evaluate the vehicle production costs. 


3.2. 3.3 Vehicle consumption, emissions and performance 

From the methodologj' stand point the above matters can be covered together as the 
corresponding parameters w'ere evaluated using the same SPEC 78 simulation program 
described in Appendix A. 3*1. 

It is worth noting that, while based upon a given set of input design parameter data 
base (w'hich included mathematical models, complete actual or scaled-down 
characteristics of the various components and a wide selection of control strateg\- 
options) the performance parameters were evaluated irrespective of the actual results 
(above or below performance specifications), fuel consumption and emission on each of 
the various standard cv'cles could only be obtained if the simulated vehicle v^e actually 
able to follow the accelerations required by the cycle itself. 

The model would in fact first calculate for each cycle point ( 1 second duration) the 
required speed, torque and power values (vehicle, engine, motor) and then the 
corresponding consumption and emissions; should the simulated '.ehicle fail to satisfy the 
operating conditions on some of the cycle points, the simulation program would not 
calculate the resulting consumption and emission values, as it has been conceived mainly 
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as a design tor;l and not as a test bed simulator. 

The program itself can provide however a complete listing of the power values 
required to perform any of the standard vehicle cycles for a given set of all vehicle design 
parameters but those related to its propulsion system. 

This specific feature was used to evaluate electric power requirements in connection 
with the pure electric driving capabilities of a hybrid vehicle as a result of a given batter)' 
power a\’oilabilit)'. 

The available control strategy options were not fully exploited during the Trade-off 
studies, since to simply compare the consumption and emissions behaviour, a single 
control strategy was used (to saturate thermal power first, with RPM limitation to 2,000 
RP.M, when the CVRT was available, or otherwise to 5,000 RPM). 

In any event the thermal engine was always assumed to run under optimal 
conditions (maximum power at each consumption level) as shown qualiutively on Figure 

3. 2.3. 4 Production costs 

The Hybrid Vehicle Production Costs analysis was ac^'omplished as a result of a 
detailed investigation of the production cost of the individual parts and components 
identified to carry out the vehicle weight estimates previously described in Subsection 
3.2.3.2. 

While, however, parts’ weight is almost independent of the production levels, the 
production costs heavily depend on the planned production quantities. 

The CRF experience on such matters has been acquired with reference to 
production levels up to 2,000 model vehicles per day (as related to current FIAT 
manufacturing facilities and market penetration). This level can already be considered in 
the range of large production volumes and therefore the available know-how can provide 
reasonable assurance of adequate methodolog)' availability to obtain reliable but 
competitne cost estimates. 

On the other hand we think that, to comply with production levels expandable, for 
the U.S. market, up to 4,000 vehicles per day. appropriate large scale production 
methods, techniques and work organization should be considered as mandator) 
requirrments in coniunction with adequate capabilities in forecasting and assessing the 
most suitable technologies and materials which would be available in the mid 80’s. 

(1) See References (11) and [12] , Subsection 1.1 
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The last issue would speciHcally apply to the new and advanced components not 
used in the convcrtional vehicles currently manufactured such as, traction batteries, 
microprocessor based control unit, Continuously Variable Ratio Transmission etc. The 
corresponding cost estimates have been made extrapolating the limited available data u ith 
specific support from the Subcontractors’ expertise^!). 

A final problem which had to be solved W’as the definition of the criteria to account 
for expected U.S. manufacturing costs, since all the analyses mentioned above were 
referred to the only available FIAT manufacturing costs in Italy. 

The most appropriate procedure to obtain projected U.S. production costs was 
identified as follows: 

1) Upon completion of the accurate cost analysis of the vehicle model in the FIAT 
fleet which could more closely satisfy the selected hybrid vehicle characteristics, the 
resulting cost should have been adjusted to project present small series FI.\T 
production costs (as incurred today) and account for the appropriate U.S. 
mandatory' equipment fitting as well as for the higher production volumes e.'cpected 
for the hybrid vehicles of the mid 80’s. 

This projected FIAT production cost of a mass produced conventional K5 large size 
(U.S. ty pe) conventional vehicle can be referred to as Xj; its characteristics should 
compare with tlic corresponding Kj vehicle identified during Task-1 “.Mission 
Analysis and Performance Specification Studies’’. 

2) The production cost X^ should be adjusted to identify the production cost X2 of 
the corresponding hybrid version under the same manufacturing conditions. 

This would define a cost (or price) ratio between hybrid and conventional vehicles 
of similar sizc-'and performance characteristics. 



3) Defined as Y the U.S. manufacturing cost of the Kj vehicle identified by the .Mission 
Analysis the expected cost of an equivalent hybrid vehicle mass produced in U.S. 
factories should be given by: 


X3 - C, Y. 


(1) Sec Ref. ( 1 ) through [ 6 ], Subsection 1.1 
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In support of the estimates referred to FIAT manufacturing costs, it was felt 
appropriate to include in Appendix A.3-4 a summar>' of the FIAT Procedures and 
Regulations as used to assess expected production costs of actuallv manufactured models. 
These procedures were not obviously implemented in the hybrid vehicle cost estimates; 
they only represent the methodology applied to establish and update the exhaustive data 
base on the costs of each individual part and manufacturing step that has been used as a 
foundation of the production cost analysis actualh' performed during the Trade-off 
studies. 


3.2. 3. 5 ReliabiliU', Availabilin*. .Vlaintenabiliu’ 

Upon analysing the critical areas and corresponding objectives it was concluded diat 
specific assessments could only be made as a result of a more detailed verification to be 
accomplished at the preliminary design level. taking also into account chat the critical 
components lie in the area of non-conventional items (that is electronic controls, electric 
motor and batter}*) for which a trade-off decision was not expected during this task. 

The methodology on this topic w*as therefore limited to the acquisition of existing 
operating life estimates on components included in the specific alternatives under 
evaluation which could lead to criteria for a trade-off assessment. 


3. 2.3. 6 Life cycle cost 

The life cy*cle cost methodolog>* has necessarily followed the headlines of that used 
to estimate the life cycle cost of the reference ICE K5 vehicle as described in Volume I of 
the “.Mission Analysis and Performance Specification Studies Report" so that 
the two could be fully comparable. 

Additional criteria, tv’pical of the electric portion of the propulsion system, were 
used according to JPL guidelines. 

Due to the uncertainties on the possible salvage value of the traction batteries it was 
decided to totally neglect such a value even when the limited use of the batter\*. under 


(i) See Ref. (l3i, Subsection 1.2 
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the assumed operating conditions, could result in a battery life beyond that of the vehicle 
itself. The fuel consumption was not adjusted to account for the estimated on*the*road 
MPG since such an adjustment had not been used in Tasl,*l. 

3. 2, 3.7 Operational Qualin* 

Since the Vehicle Architecture definition has not identified significant alternatives 
which could lead to trade-off assessments in terms of Operational Qualit)', including 
Safet}’, the activit\' on this issue was limited to the identiHcation of the most relevant 
hybrid vehicle characteristics in terms of Handling and Noise; in the area of Safen* a 
possible exception was represented by the particular care which had to be given to the 
possible inclusion in the vehicle structure of a high temperature battery like die 
Sodium-Sulphur tj'pe. 

To properly es'aluate the Vehicle Frame Structure behaviour under normal operating 
as well as crash conditions, the vehicle structural elements were defined so that a 
preliminaiy stress analysis and subsequent definition of the element cross sections and 
materials by means of computer simulation mathematical models could be made. 

This study was intended to identify possible criticalities at the design and/or 
manufacturing levels in a safeanvise adequate structure. At the end of the trade-off task, 
however, the study itself (which would have not contributed in any event to trade-off 
assessments between safety related alternatives, as they did not materialize) has not 
provided yet complete interim results beyond the basic structure scheme used for stress 
analysis calculations (See: following Subsection 4.2, Vehicle Architecture). This matter 
will be therefore properly covered by the report on the “Preliminaiy Design Task”. 


3.2.4 List of related Appendices 


The following .Appendices related to Section 3. Methodologj' arc included in V'olume 
II of the “Trade-off Studies” Report: 


Appendi.x A. 3-1 ; 
Appendi.x A. 3-2 ; 
Appendi.x .A. 3-3 : 
Appendix .A. 3-4 : 


“SPEC 78” Computer Simulation .Model 

Propulsion System .Alternatives 

Lcad-.Acid and Na-S Traction Batteries 

FLAT Procedures and Regulation for mass production Cost 

estimates. 
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SECTION 4 
INTERIM RESULTS 



I 





This Section deals \\ith the results Stained in the process of defining the vehicle 
conceptual design (more spedflcally with respect to Vehicle Ardiitecture) and the results 
of the various alternatives characterization (Configuration and Battery t>'pe 
combinations) uliich led to the identification of a selected conf'guration. 

As mentioned on the Methodology description, since the optimization of the 
developed conceptual design will be completed during the following Task>3, Preliminari- 
Design, parametric analyses have only been used to the extent actuallv needed to 
accomplish the proposed Task-2 objective. 

The Interim Dau are presented according to the Study Activities as described in the 
.Viethodologv’ Senion. All Oesip and Performance parameters identified or studied are 
therefore included in the appropriate subsections. 

It has been already emphasized diat our current desip methodologv- is heavilv- 
influoiced by the desip tool we extensively use, namely the SPEC 78 Computer 
Simulation Model. 

Being all the actual and detailed component characteristics duly accounted for by 
the model itself (^m Engine Maps tc Electric .Motor Magnetization Curv-es) direct 
relationships between desip and performance parameters could not be conveniently 
identified, the model correctness having been already validated throu^ the verified 
agreement between calculated and measured values during the FIAT 131 Hybrid Vehicle 
development and testing 

The “relationship” table required by the JPL Dau Requirement Description is 
therefore not included in this Report as not-applicab|e to the methodology that has 
acmally been used. 


0) See Ref. ( I J . Subsection 1.2 
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4.1 REVIEW AND SELECTION OF PROPULSION SYSTEM ALTERNATIVES 


The propulsion system alternatives presented in our proposal were reviewed and 
discussed to define the actual configurations to be analyzed and compared during the 
trade-off studies. With respect to the schemes originally proposed, a lock* up torque 
converter has replaced the clutch originally shown to implement subsystem No. 1 (See 
Fig. 4.1-1/4.1*5). A hydraulic torque converter with lock*up provides in fact the 
following advantages, which improve the hybtid propulsion system efficiency and 
flexibUit)'^^^; 

— Ease of starting-up the engine under load. 

— Torsional vibrations not transmitted to the engine. 

— Wear reduction of the engine mechanical componem., as a result of its “shock 
absorbing” action. 

— Possibility of automatically varying the out-torque with respect to the in-torque, as 

required in the range 1 < 2.1. being T^^ / Tjj^. A lock-up clutch 

aUovw to lock up the converter when the ratio v - CUgut/osin exceeds O.Sbi-' 


The composition of the updated schemes for the various configurations is shown in 
Table 4.1-1 and the corresponding block diagrams are shown in Figures 4. 1-2/4. 1-5. 

It must again be pointed out that Configuration No. 4 only differs from No. 3 
because of the clutch added to disconnect the electric motor when not in use (e.g. electric 
propulsion system out of service). It will then be analyzed only to evaluate fuel savings 
under such conditions. 


(1) See Ref. (14). Subsection 1.2 

(2) See Ref. (15). Subsection 1.2 
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TABLE 4.M 

HIGHER POTENTIAL PARALLEL CONFIGURATIONS 


CONT1GUR.\TION 

SUBSYSTEM 

COMPONENT 

1 

II 

III 

1 

LOCK-UP 

TORQUE 

CONVERTER 

FIXED 

RATIO 

absent 

Na-S/Lead-Acid 

2 

LOCK-LT 

TORQUE 

CONVERTER 

FIXED 

RATIO 

CVRT 

Na-S/Lead-Acid 

3 

LOCK-LT 
TORQUE 
CONVERTER 
k CVRT 

FIXED 

RATIO 

absent 

Na-S/Lead-Acid 

4 

LOCK-UP 
TORQUE 
CONVERTER 
k CVRT 

FIXED RATIO 
k CLUTCH 

(between 
electric motor 
and drive line) 

absent 

Na-S/Lead-Acid 
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FIG. 4.1-2 - HYBRID VEHICLE. P.\R^\LLEL CONFIGUR,\TlON No. 1 
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TORQUE 

CONVERTER 



TO 

WHEELS 


FIG. 4.1-3 - HYBRID VEHICLE: PARALLEL CONFIGURATION No. 2 
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CONVERTER 



FtG. 4.1^ - HYBRID VEHICLE: PARALLEL CONFIGURATION No. 3 
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TORQUE 

COiW’ERTER 



FIG. 4.1-5 - HYBRID VEHICLE: P.\R.\LLEL CONFIGURATION .No. 4 



4.2 VEHICLE ARCHITECTURE 


4.2.1 Basic Hybrid Vehicle Characterization 

During the Basic Hybrid Vehicle Characterization the following elements have been 
defined according to the methodologv' described in Section 3: battery, enginc/motor, 
drive wheels positioning, front and rear suspension, body structure, materials and profile. 

a) Battery positioning. The choice was restricted between a tunnel in the passenger 
compartment and the vehicle end compartments; while the first solution would make 
it easier to comply with passengers safety requirements (as in case of crash against a 
barrier the battety' modules could collapse inside the tunnel without affecting in 
any event, the vital space of the passengers compartment^, requirements of internal 
space relative to a sLx-passenger compartment and of space taken by the batteries 
diould make the second solution mandatory. Battery fitting below the passenger 
compartment had to be discarded in principle because of the resulting e.xcessivc 
vehicle height . .-\s batten’ positioning in the front end compartment would make the 
wheels steering much too difficult, batteries could only be positioned in the rear end 
compartment; in the case of a Na/S ty'pe battery a sealed container is necessary for 
thermal insulation purposes: the function of such a container can also be fulfilled by 
the very structure of the vehicle (integrated battery); in the case of the Lead-.\cid 
type battery, a cage frame appears to be adequate to secure the modules to the 
vehicle structure. 

b) Engine/motor and drive wheels positioning. With the engine necessarily in the front 
end compartment the front wheel drive became an obvious choice. .Another reason 
for choosing the front wheel drive was that the battery’ height would have made 
rather hard to fit the differential in the rear end. This arrangement allows to reduce 
the vehicle weight since it eliminates the transmission shaft. The unbalance in the 
weight distribution, typical of the conventional front wheel drive model, due to the 
greater weight on the front axle, is, in the case of the hybrid vehicle, noticeably 
reduced, because of the battery weight acting over the rear axle. 

c) Front wheel suspension. The first choice was between a rigid and an independent 
wheel suspension. The previous choice of a front wheel drive automatically excluded 
the rigid type suspension which would have also resulted in the generation of 
unwanted gyroscopic steering torques, when a slope difference in the transversal road 
profile occurs. An Independent wheel suspension was therefore adopted and. in 
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particular, the Me Pherson u pc was preferred to the transverse links type. In fact, 
because of the multiple attachment points (three), the .\lc Pherson t\’pe suspension 
provides greater space availability due to the absence of top transverse links and the 
same reduction in the structure stresses as the transverse links type suspension with 
overall reduced weight . 

d) Rear wheel suspension . For reasons of greater space availability both in width and in 
height, an independent wheel suspension has been preferred to the rigid a.\le type. In 
particular the longitudinal trailing arms type with torsion bar has appeared to be the 
most appropriate solution to conveniently fit the battery over the rear a.\le. It appears 
the only solution which makes an adequate trunk volume (about .5 m* ) available 
above the batterv' compartment and does not require an unreasonable extension of 
the vehicle length. The availability of a hybrid vehicle approach to save fuel 
consumption should not in fact deemphasize the generally accepted assumption that, 
by 1985, energ>- concerns should have already forced people’s minds to accept the 
concept of measuring vehicle size by usable volume availability and not by mere 
overall dimensions and therefore weight. 

e) .Materials. By careful and innovative body structure design, it is possible to obtain 
reductions in weight in the order of 20% which are mandatory to partially 
compensate the overall weight increase due to the bancries. Among the possible 
solutions for achieving greater lightness, the realization of a conventional body made 
of special steel type HSLA had to be discarded since the weight saving involved would 
have been negligeable. The only viable solution to reach the required weight saving 
appears to be a bearing body in special steel nye HSLA or in aluminum alloys to be 
covered by plastic type S.MC-R panels. For the two kinds of materials, different 
manufacturing problems exist in addition to those relative to metal-plastic 
connections; this is in fact a relatively new cechnolog\' that might involve reliability' 
problems and should then be adequately validated. 

f) Body profile and rolling resistance .While a lightened structure to compensate the 
batter}' weight would help in limiting the total power required to meet performance 
specifications but could have a limited impact on the fuel consumption of a general 
purpose vehicle, the aerodynamic drag coefficient will play a major role in defining 
the attainable fuel economy in conjunction with the tires rolling resistance. Tt-pical 
power vs. speed plots are given in Figures 4. 2-1/4. 2-3 for various coetficients and 
for conventional or advanced tires, which show the significant possible savings in 
cngine'motor power and therefore weights. 
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4.2.2 Vehicle Scheme Development 


Having defined the basic vehicle architecture characteristics and requirements, the 
e.xisting models of comparable size and characteristics were analyzed to identify a 
conventional reference vehicle which could best match the hybrid vehicle architecture. 
The Lancia “GA.MMA” was selected as being an advanced and newly designed vehicle, 
recently introduced on the market which will certainly not become obsolete by 1985. 

.Another choice conditioning element was the availability of complete design and 
manufacturing information. Based upon the Lancia “GAMMA" scheme size/volume 
adjustments were performed to fit 6 passengers and the hybrid propulsion system as 
shown in fig. 4 . 2-4/4. i 9. .Moving from such a preliminary scheme these additional design 
steps were performed: 

1 ) A study of a compatible body profile was developed to provide optimum 
aerodynamic drag coefficient as related to the vehicle cost usage and manufacturing 
constraints. Based upon the results of a parametric study the impact on vehicle 
fuel economy, presented in Table 4.2-1, a “0.3 value was considered appropriate 
and attainable. 

2 ) Engine and passenger compartments were accordingly modified and various 
component fittings and attachment requirements were further defined. 

3) On such a basis a model of the basic vehicle structural scheme was developed to be 
used for handling and crashworthiness calculation during the preliminar>^ design stage. 

These three steps arc illustrated in Fig. 4.2-10/4.2-15 as intermediate results in the 
definition of a vehicle architecture design concept which meets the vehicle functional and 
technical requirements and provides a common ground to perform on a realistic basis the 
trade-off analysis among the various propulsion system alternatives. 

To complete the analysis of the Vehicle Scheme Development, as presented in this 
Interim Results Section, the actual and projected characteristics of various large size 
vehicle arc compared in Table 4.2.2. 

Starting from the manufacturer’s characteristics of the 1978 Chc\Tolet “I.MP.ALA ' 
(1978 K 5 Reference Conventional ICE Vehicle) and the projected characteristics of the 
1985 K 5 Reference Conventional ICE Vehicle as obtained from the Task-1 Report and 
current projections of the specialized technical press on 1985 .Automativc Technologies, a 
comparison is made with the manufacture's characteristics ot the 1978 La.ncui 
“G.ANLM.V, the top vehicle (on both size and pert'ormance) of die current FI.AT's feet. 
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TABLE 4.2-1 

TYPICAL^^^ FUEL CONSUMPTION AS A FUNCTION OF VEHICLE C 

(GASOLINE ENGINE) 


STD. 

CYCLE 

% FUEL CONSUMPTION AT Cx 

0.40 

0.35 

0.30 

FHDC 

100 

96 

92 

COMBINED 

100 

96.5 

94 

! 

FUDC 

100 

I 97.2 

93.3 


(1) CONSUMPTION SPREAD DUE TO ENGINE TYPE/SIZE IS 
WITHIN ± 1 PERCENT. 
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TABLE 4.2 2 a 

ACTUAL ANu PROJECTED CHARACTERISTICS OF LAR<;E SIZE CONVEN1 lONAL/HYBRID VEHICLES 
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TABLE 4.2-2 b 

ACTUAL AND PROJECTED aiARACTERISTICS OF LARCE SIZE CONVEhTriONAL/HYBRID VEHICLF.S 



(.-» INCLUOCS ArmOXMATELV 600 k| FOR THE ELECTRIC FROPULSION SYSTEM AND ACCORDINGLY 
BODY STRUCTURE 















It shows that, besides the much higher specific horsepower characteristics of the 
"GA.MVIA” which account for its outstanding performance, this vehicle already uses 
many of the solutions nowadays expected to be included in the 1985 typical U.S. large 
size passenger car, the main differences being the standard 5*speed manual transmission (4 
Speed Automatic optional is available), the lower wei^r, size and passenger capacin*. 

While, howeser, the overall length and width are only 6.5% and 5.5% less than on 
the mid-range 1985 U.S. large size car, the cargo volume, passenger capacity' (in terms of 
passenger number) and vehicle weight are respectively lower by 15.3%, 17.3% and 14.8%. 
Considering the smaller difference in the width and length size and the somewhat higher 
difference in cargo volume it appears that, also thanks to its compact 4 cylinder bo.xer 
engine, the “G.AVLMA” has an unusually large volume availability’ for a 5 passenger 
compartment, as it can be seen from the picture shown on Fig. 4.2-16, which is even 
more relevant considering its lighter weight. 

The Lancia “GA-ViVLA” has appeared therefore a perfectly suited car to start from in 
tailoring the possible architecture of the advanced 1985 Vehicle. 

The suitability is even more evidenced b> a comparison with the Hybrid Vehicle 
characteristics pre\‘iously defined in Subsection 4.2.1, considering also that the lighter 
weight already' provided by the current body manufacturing technology would offer an 
excellent starting point to obtain by means of the advanced 1985 technology the amount 
of weight reduction to conveniently fit the extra weight of the electric propulsion sy’stem. 

The further Vehicle Architecture development presented in the following Section 5 
will show how easily passenger capacity and body profile adjustments could be made on 
the original “GAM.MA” ’s architecture to obtain the required intprovements, so often 
contradicting, in passenger sitting capabilities and aerodynamic drag resistance w’hich 
would not require an undue compromise between the car "general purposeness" and 
the attainable savings in fuel economy. 
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4.3. ANALYSIS AND EVALUATION OF THE ALTERNATIVES 


Having defined the propulsion system alternatives to be analyzed and the 
characteristics of the basic vehicle architecture, the design and performance parameters 
obtained according to the methodology outlined in Section 3, are presented and 
described in this Subsection. 

In line >^ith die assumption that, to maximize the fuel saving potential, the vehicle 
should carr}' the maximum batterx’ weight which would still make it competitive as far as 
aze, weight and performance arc co. cerned, a fixed battery weight of 300 Kg was 
assumed, to evaluate all the alternatives, which would conveniently fit the proposed 
vehicle layout. 

Actual batterv' wei^t will be defined during the preliminary* design task when the 
electric ponion of the propulsion system will be optimized and other batteries will also 
be evaluated, which range in performance and characterisrics betw-een the two extremes 
(current and advanvcd technology) considered during the Trade-off studies. 


4.3.1. Propulsion Svstem Power and Transmission Ratios 

The thermal power required to run the vehicle at its maximum speed without 
electric power contribution is 37 kW (approximately 50 CV). It can be obtained using a 
1.1 - 1.3 liter engine at 31500 RPM. 

This allowed to calculate initial values of ’’he total transmission ratio (5.0) and of the 
fixed ratio (subsystem II, =» 1.0) assuming to saturate thermal engine power and use 
electric power to satisfy peak power demands^^h’his approach has not obviously optimized 
the fuel economies that could be obtained using the various solutions, but has allcwed to 
calculate transmission ratios so that performance requirements (namely accelerations) 
could be met. The resulting fuel economies, yet to be optimized by means of more 
appropriate propulsion system control strategies, and the corresponding electricity 
consumption, would have therefore been used as measuring parameter values for 
alternatives’ efficiency evaluation. 

The values of the various subsystem ratios, as shown on Table 4.3-1 with reference 
to Figure 4.3-1 are obviously dependent on the presence and position of the 

(1) See References [8] and [9], Subsection 1.2 
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Continuously Variable Ratio Transmission (CVRT) and on the available electric power as 
well. 

Transmission ratios have been in fact adjusted to let the vehicle meet performance 
requirements during normal operation. However, since in the case of Lead-Acid batter)' 
the available batter)' power varies with the depth of discharge, if an operating range up to 
50% discharge is assumed, a derated 27 k\V power must be referred to instead of the 
maximum 31 kVV power available at full charge. 

The use of the CV’RT allows the engine speed to be made independent of vehicle 
speed so that thermal power can be limited during accelerations at the value 
corresponding to a fi.xed RPM limit (in this case 2000 RP.M) . Thus more relevant 
contributions can be obtained from the elecrric motor with correspondingly better fuel 
economies. 

On Configuration No. 1. without CVRT. using the Sodium-Sulphur batter)' Lhe 
initial values of transmission ratios are shown, which would have not allowed the vehicle 
to meet performance specifications, since fuel consumption in the various cycles was 
already higher than in the other solutions and a change in the required direction co'ald 
only make it worse. Using the Lcad-.Acid battery, because of the required derating of ine 
operating power the fixed ratio had to be increased to 1.6 to provide adequate 
starting torque (overall ratio for the electric motor S.O). However there was not enough 
power to satisfy standard C)'cles performance requirements (lower than performance 
specifications) and the solution had to be discarded. 

On Configuration No. 2 the CVRT has allowed to limit engine speed to 2,000 RP.M. 
Using the .Na-S batter)’, to improve performance as needed in the high speed range, r, had 
to be decreased to .4 so that a correction at low speed was also needed, increasing t^to 
7.0 (overall ratio for the electric motor 2.8 times the CVRT’s actual ratio). Using the 
Lead-.Acid batter)' the lower torque at low speeds required adjustment of T, at a 
somewhat higher value .6, the C\’RT downstream with respect to the fixed ratio taking 
care of torque requirements at higher speeds (overall ratio for the electric motor 4.2 times 
the CVRT actual ratio). 

Finally on Configuration No. 3 (same speed limitation as No. 2), using the Na-S 
battery, the initial transmission ratios have been adequate to satisfy all performance 
requirements. Using the Lcad-.-\cid battery, being the C\'RT upstream with respect to the 
fixed ratio, to compensate for reduced batter)' power at higher spced,performance had to 
be improved by decreasing T,to .7 onU’. but a larger compensation was required on 
whk’ii had to be increased up to 8.U i overall ratio for the electric motor 3.6). 


In conclusion only solution No. J with Na*S Dattcr\' could satisfy performance 
requirements with the transmission ratio values initially calculated. The overall increase of 
the total ratio (including the effect of the CVRT) to satisfy performance would indicate 
that higher consumptions should be expected as a result of the higher engine speeds 
corresponding to a given vehicle speed. This effect will be analysed in quantitative detail 
in Subsection 4.3. 3. 


4.3.2 Vehicle Weight 

The weights of the chassis and propulsion system components of the hybrid vehicle 
are shown on Table 4.3-2. 

The Current-Technolog\' Weights column refers to a hybrid vehicle manufactured in 
mass production volumes according to the technology- presently used to manufacture the 
Lancia and using the additional electrical components as available nowadays. 

The Advanced Technology Weights column refers to a hybrid vehicle to be manufactured 
in 1985 mass production using the advanced technologies (to be validated at the 
prototype level during the Phase II timeframe) which could then be made available to 
reduce vehicle weight. 

The weight figures shown can be attributed to all alternatives for the conventional 
section of the vehicle. Considering the electric portion of the propulsion system, the use 
of a Lcad-.Acid battery should result in a weight reduction of approximately 10 Kg with 
respect to the solution with Sodium-Sulphur battery to account for the lighter weight of 
the corresponding electric motor. 

A summary- of the curb weights and total vehicle weights with the prescribed 140 Kg 
test payload for the various configurations is shown for convenience on Table 4.3-3. 

The load distribution benvecn the front and rear axles, for configurations Nos. through 4, 
using Sodium-Sulphur batteries is as follows; 

— empty weight 

(total weight 1,580 (kg) 

front axle load (1^) 

rear axle load (kg) 
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865 

715 
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TABLE 4.3-2 ■ \ 

HYBRID \’EHICLE WEIGHT BREAKDOWN ! 




I T E .M 

CURRENT 

TECHNOL. 

WEIGHTS 

kg 

.ADVANCED 

TECHNOL. 

WEIGHTS 

kg 

INTERNAL COMBUSTION 


1 

1 

1 

ENGINE 

157 

118 

CHASSIS .\ND AUXILIARY 


1 

ELECTRIC SYSTEM 

365 

335 

BODY/FR.AME^^' 

853 

612 

TRANSMISSION 

65 

65 

ELECTRIC PROPULSION 



SYSTE.M 

190 

150 

POWER BAITERY 

330 

300 

TOTAL WEIGHT 




(1) BODY/FRA.\lE INCLUDES: COMPLETE BODY, 

PAINTING, SEATS AND UP-HOLSTERY, WINDOWS, 
BUMPERS, TIRES AND WHEELS, OTHERS. 
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TABLE 4.3*3 
VEHICLE WEIGHT 


CONFIGUIL^TION 

WEIGHT WITH 
Na-S BATTERY 

WEIGHT WITH 
LE,\D*ACID BATTERY 

CURB 

(kg) 


CURB 

(kg) 

■agnosa 

No. 1 

1.540 

1,680 

1.530 

1.670 

No. 2 

1,580 

1,720 

1,570 

1,710 

No. 3 

1,580 

1,720 

1,570 

1,710 

No. 4 

1,580 

1,720 

1,570 

1,710 

1 


I 
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915 

805 


with test payload 

(total weight 1,720 kg) 

front axle load (kg) 

rear axle load (kg) 


4.3.3 Vehicle Consumption and Emissions 
4.3.3. 1 Consumption 

The vehicle consumption has been calculated for the various alternatives after the 
transmission ratios have been adjusted to provide the required performance as described 
in detail in Subsections 4.3.1 and 4.3.4. 

.A.S described, in Section 3..Methodolog>'. the consumptions were evaluated a.ssuming 
that the vehicle would use thermal power only up to a fixed maxi.mum engine speed and 
the required additional power would then be supplied by the electric motor. 

The electric power availabilict’ from the batteries was limited to the maximum 
power at the maximum operating discharge level (60*5» for N'a-S and 50n for Lcad-.Acid 
banerics). 

The RP.M limit was originally set at 2,000 RP.M and let increase to the maximum 
5,000RP.M when the required performance could not be met (alternative .Vo. 1 without 
C\HT). 

The complete results are shown on Table 4.3-4 together with the corresponding 
emu. no ns. 

On Configuration No. 1 consumption data are proyided for the solution with Na'S 
battcTX' only since tlie solution with Lead-.Acid barter\‘ could not provide adequate peak 
power as required by se\eral points of the FUDC and FHDC standard cycles even with 
transmission ratios adjusted to provide adequate low speed torque. The corresponding 
consumption could not be therefore calculated by the simulation model. However since 
consumption on the SAE cycle (which could be performed with the available power) was 
already higher than for any other solution, it was not considered worth to further modif\ 
the design parameters to match the performance specifications, as it would have resulted 
in a further increase of fuel consumption. 
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Configuration No. 1 with Lcad-Acid battcr\* was therefore discarded: the data 
obtained for operation with Na-S batter\’ show that, with unmodified transmission ratios, 
e\’cn if the electric motor is used to provide e.xtra power when needed, no actual battery 
discharge occurred on any of the various cycles. Since, on the other hand, performance 
specifications could not be met with the e.xisting ratios but on the SAE cycle, while the 
consumption was already higher than on any of the other alternatives under comparable 
conditions, is was estimated that the possible consumption improvements resulting from a 
better e.xploitation of the batten* stored energx* would have been largeh* offset by the 
consumption increase required to match the required performance. No further attempt 
was made therefore to improve both the efficiency and performance of this alternative by 
adjusting the ttansmission ratios, because of their opposing requirements. 

On Configuration No. 2 it is worth noting that the lower operating power rating of 
the Lead-.\cid batteiy does not affect fuel cconom\* since the presence of the CVRT 
downsa*eam the electric motor allows a better handling of the available electric 
torque/power capabilities by adjusting the electric motor overall ratio as required. This is 
refected by a higher electric energ\- consumption of the Lead-.\cid batter)* solution in 
the urban, highway and daily compesite cycle (.Mj mission). The CV'RT is also, on the 
other hand, responsible for the fuel economy improvement with respect to Configuration 
No. I, as it allows the engine speed to be limited at 2,000 RP.M letting the required 
additional power to be supplied by the battery through the electric motor. 

Finally on Configuration No. 3 it can be observed that, with respect to 
Configuration No. 2 using a Na*S battery, somewhat higher fuel economies result, 
associated with a higher consumption of electric encrg>*. This however is also counter- 
balanced by the better performance that the transmissicr. ratios adjusOTcnt h*is g'wn to 
the said Configuration No. 2. 

Comparing the solution with Lead-.Acid battery, lower fuel and electricity 
economies can be noted than for the solution with Na-S batterj*, compensated by a 
slightly better performance. However, due to a better compensation of batteiy power 
derating by means of transmission ratio adjustments, both energy (fuel and electricity ) 
economy values and performance values are worse than on Configuration ,S’o. 2 with 
Lead-.Acid battery as a result of the unavailability of the CVRT function to onrimize 
battery power c.xploitation at any vehicle speed. 

The analysis of the consumption results emphasize therefore the higher tle.xibiliry 
provided by the use of a CVRT on a parallel hybrid configuration: while the engine is 
operated along a minimum specific fuel consumption curve as discussed in Section 3, 


■Ml 


Methodolog)’, the CVRT availabilin* allows a reduction of the thermal encrg\* 
contribution to the total power requirements by extending to the whole vehicle speed 
range the initial portion of the power vs. engine speed, curve, corresponding to the lowest 
specific consumption values, and therefore requesting higher power and energ\’ 
contributions from the electric motor. The electric power can of course be more 
efficiently matched to the required vehicle speed if it also can be handled by the C\’RT 
as on Configuration No. 2. 

In conclusion from the standpoint of fuel consumption. Configuration No. 3 can be 
used advanugeously with respect to Configuration No. 2 at the exp..'nse of a higher 
electricity consumption if the available electric energy' is not critical (as witli Na-S 
battery'), the advantage being that the CVRT would only handle the engine torque. CVRT 
sizing does not involve therefore development of products beyond the ratings of the 
presently available technology. 

Should the power/energy availability be critical in connection with a maximum 
allowable battery weight, then a trade*off must be made against the risk of conditioning a 
more efficient use of the electric energy as well, to the development of a higher rating 
CV'RT than presently available. 

For a more convenient comparison among the fuel economies provided by the 
various alternatives, the results on Table 4.3-4 .are also shown on Fig. 4.3*2 using a 
bar graph presentation. 

As previously stated Configuration No. 4 had to be evaluated in terms of the 
possible consumption savings which could be obtained by disconnecting the electric 
motor, through a clutch when not in use (e.g. emergency conditions, for main electric 
propulsion system failure). 

The consumption data presented on Table 4.3*5 show that fuel sav'ings with respect to 
Configuration No. 3 are not sufficient to justify the addition of a component which 
should only be used under abnormal conditions. 

The extended range capabilities provided by most of the configurations using the 
described control strategy, led to the conclusion that, to meet the maximum fuel savings 
objective, the battery energy should have been more properly exploited; as a limit it 
appeared appropriate to evaluate the pure electric driving capabilities of hybrid 
vehicle. 

An analysis of the urban cycle requirements revealed that, by calculating tlic average 
power required to provide the average accelerations imposed on each second of the about 
1.870 s cycle, only 6 points (1 s intervals) existed where, for the vehicle being analyzed, a 
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TABLE 4.3-5 

FUEL ECONOMY ON ELECTRIC POWER SHUTDOWN<^> (MPG) 


CONFIGUR.A.T. 

SAE 

J227 a(B) 

FUDC 

FHDC 

No. 3 

28.1 

34.6 

46.2 

No. 4 

28.4 

35 

46.4 

% VARIATION 

+ 1.0% 

+ 1.1 

+ 0.43% 


(1) REFERS TO Na-S BATTERY ONLY 


I 
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mechanical power above 40CV was required on the wheels and that the number ot points 
where the correspondinj, power was between 36 and 40C\’ was only 12. 

Taking into account the various power train components efficiencies it resulted chat, 
while a 50 kW battery would be required to cover the maximum accelerating power 
required by an urban cs cle, a 36 k\V battery would cover all but 18 seconds of dee cycle 
itself (i.e. more than 99% of its duration). 

Electricits' consumption and driving ranges were accordingly calculated as it had 
initially appeared that, by proper engineering of Na*S battery packaging.the overall weight 
could be kept close to 300 kg. The corresponding results are shown on Tabic 4.3*6. 

Subsequent detailed analysis of the matter res'ealed that, using the current Na*S cell 
technolog\‘,tht actual batters* weight should be close to 360 Kg and it was decided not 
to pursue this solution for dte time being. These interim results provide on the other hand 
a preview of what a mature Na*S tccnologs* could offer to electric and hybrid \ehicic in 
the second half of the 80’s. 


4.3. 3. 2 Emissions 

The emissions shown onTablc 4.34 have been calculated on the standerd cycles and 
referred to a gasoline engine in the normal European setting to evaluate the ty pe and 
size of the required emission limiting de\*ice' to be defined during the preliminary dcsipi. 

Based upon FIAT experience in setting-up standard engines to comply with the I'.S. 
Standard requirements, it appears that a 3-way catalytic muffler should he sufficient to 
handle the emission levels so obtained. 


4.3.4 Vehicle Performance 

Vehicle performance parameters arc shown for the various alternatives on Table 4.3*7. 
They have been obtained using the same thermal power, a fixed battery weight 
arid the appropriate transmission r.uios discussed in Subsection 4.3.1. 

To evaluate the various alternatives it has been assumed that the contmi system 
would use all the available engine power in the range 1.000*5.500 RPS*. 'with or without 
CVkT) and ad the availai'le eicetne power at the corresponuinc kpm s as set ny t.*^c 


445 


KPM s as set tn 




TABLE 4.3-6 

PURE ELECTRIC DRIVING CONSUMPTION USING A 36 kW Na-S BATTERY 


kX)NnGUR.\T10N 


No. 1 


No. 2 


ELECTRICITY CONSU.MPTION, kWh 

SAEJ227a(B) 

FUDC 

FHDC 

0.04 

2.79 

2.42 

0.056 

3.34 

2.91 


No. 3 


0.041 


2.86 


2.45 












actual values of the fixed ratio (See Subsection 4.3.1 above). 

JPL Minimum Requirements and Performance Specifications provided by Task-1, 

Mission Analysis are also shown for convenience. 

a) .Acceleration 

Configuration No. 1 with Na-S battery docs not meet the minimum requirements; 
as previously stated on Subsection 4.3.1; this could have been corrected by 
appropriate ratio adjustments, but it was considered unneccssan.’ in view of the 
already higher fuel consumption than in the other alternatives (see Subsection 4.3*3). 
While for Configuration No. 2 the transmission ratio adjustments to satisfy 
performance requirements have been made for both batter}' solutions, so that the 
one using Sodium-Sulphur battery still provides better acceleration characteristics 
due to the higher battery power capabilities, for Configuration No. 3 the initial 
transmission ratios already provided acceleration performance in excess of 
specifications, when using a Sodium-Sulphur batter}’. When instead a Lead- Acid 
batter}' is used, as a result of the actual transmission ratio adjustments.slightly 
better accelerations have been obtained. 

b) Grade (R,tnge at given speed) 

On ail grades, specified ranges are exceeded; in particular the and grades speed 
requirements can be met using thermal power only so that unlimited range 
capabilit}' is practically available. On the 8% and 15% grades electric power 
contributions are required but the specified ranges can be largely exceeded. Better 
fuel economy on the various grades can of course be obtained, depending on actual 
availabilit}’ of stored energ}', than under thermal power saturation by using more 
efficient power control strategies as appropriate. 

The maximum allowed grades shown for the various alternatives, which exceed by 
far the minimum requirement (20%),prove the excellent capabilities of the hybrid 
vehicle in terms of available torque at low speeds notwithstanding extra 300 kg 
of the batteries! 

c) Nonrefueled Range 

.All the alternatives exceed Performance Specifications but Configurations No. 2 and 
? using Lead-Acid batter}- on the Highway Cycle; range limits however are due. w ith 
the control strateg}' previously indicated, to different operating conditions ;is 
s;ecified by the notes or Table 4.3-7. In particular, it can be noted that iwithin the 
batterv normal operating disch 'rge range) the range limitation is due to batter, 
discharge tor Configuration No. 2 and 3 using Lead-.Acid batteries on both the 
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FL'DC and FHDC. 

Among tile Configurations using Na-S battery, only Configuration No. 2 has a range 
limitation due to the battery discharge on the Highway Cycle, which howei er almost 
occurs simuitaneousiy with the empying of the tank. 

In all the other cases the range limitation is due to complete fuel consumption. 

While this would indicate that better fuel economies should extend the last range 
v’alues by means of more appropriate power control strategies, it must be pointed 
out that both batteries would still be operating at the end of the nominal operating 
discharge range and that, using an appropriate control scratcg>', they could be 
operated indefinitely at such discharge level or even recharged if appropriate at the 
expense of higher fuel consumption, but would provide yet a better fuel economy 
than any equivalent conventional ICE vehicle. 

As a result. the operating conditions below the Non-refueled Range Performance 
Specifications do not correspond to an actual lack of absolute range capabilities, 
but indicate a performance limitation when related to the possibiliy of achieving 
the fuel economy characteristics specified for the vehicle operating conditions 
assumed on the Highway Cycle. The range values shown are therefore mainly rcievant 
in terms of Trade-off evaluation between the various alternatives rather than in 
terms of actual N'on-rcfueled Range capabilities, 
d) Cruise and Top Speed 

All the alternatives exceed both the Minimum Requirements and Performance 
Specifications: a single value is presented for either speed since no assumptions were 
made on engine/speed power limitation by the control logic so that top speed can be 
indefinitely maintained as cruise speed using thermal power only. Configuration No. 

1 show's a lower value of top speed which goes along with its worse acceleration 
characteristics. It must be emphasized the role played by the advanced vehicle 
characteristics in terms of aerodynamic drag and rolling resistance coefficients. 

.-\t a cruise speed of 90 Km.'h only 12.5 CV would be needed on the drive wheels of 
a vehicle having C^ •• 0.3 Kn - 0.45 (advanced tire design): both Configurations 
No. 2 and No. 3, using the C\’RT to match engine/wheels power and speed 
requirements .would provide close to 15 C\’ at only 2,000 RP.M. If on the other hand 
a vehicle with current today's characteristics (Cy^ = 0,45 and Kn » O.St is considered. 
20.5 C\' would be needed on the vehicle wheels to keep the vehicle at 90 Km h 
with a power increase (and corresponding mechanical encrg\' waste! of 64V The 
fuel consurr.ption ratio would be even higher 't>ecause o: the higher specific 
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consumption required to obtain a higher power from the same engine. 

At 120 Km/h the corresponding power requirements on the drive wheels would be 
27 and 43 C\' respectively with a power increase reduced to 5'/%. These results have 
been obtained by using the parametric curves shown on Fig. 4.3-3/4.3*5. 

With reference to the maximum 40 CV power available on the drive wheels, using 
the engine being considered during alternative evaluation, both Configurations No. 2 
and No. 3 would provide the hybrid vehicle with the top speed of 136 Km/h shown 
on the table. Using the same 40 CV on a vehicle with the current today’s 
characteristics considered above, the top speed would barely reach 115 Km/h (less 
than 85^b of the previous one). These results confirm what has been clearly shown 
by the previous considerations on acceleration performance, that is a hybrid vehicle 
is characterired , because of the e.xtra weight of the batter\', by critical power 
requirements in terms of accelerations only and not in terms of mxximum speed if 
advanced concepts to reduce power losses in aerodynamic and rolling resistance arc 
used in vehicle design. 

.■\dequate batteiy weight is on the other hand essential in maximizing, for each 
batter>’ technoiogv’ being considered, electric energ\' storage and therefore fuel 
saving capabilities, 
e) Maximum Speed on Grades 

The values shown on Table 4.3-8 can be conveniently compared with those show-n in 
the Top Speed column (and they have been accordingly calculated in both absolute 
and relative terms), keeping in mind that on grades all the hybrid power is made 
available on the drive wheels. 

Both Configurations No. 1 and No. 2 can reach 100% of Top speed (thermal power 
only on flat road) on a 3% grade, while Configuration No. 3, not being able to adjust 
the electric power characteristics by means of thcCVRT, reaches its limit at 127 
Km/h for both Lead-Acid and Sodium-Sulphur batteries. 

Configuratior. No. 1. which starts with a worse performance at high speeds, shows 
significant relative improvements at intermediate speeds but then decays drastically 
at the low speed relative to the highest grade; this agrees with the lower % ma.\imum 
grade c.ipabilit)’ than any other solution. 

Both Configurations No. 2 and No. 3 show a better behaviour at the intermediate 
speeds with the Na-S battery; this goes along with the fact that the lower available 
power of the Lead-.Acid batter}- has been compensated for low and high speeds, only 
to meet the pen’ormance requirements, by proper ratio adjustments, thus resulting 


4-50 



FIG. 4.3 3 - IIOHSKPOWF.R RFQUIRF.MI:N I S AS l UNCI ION OF VFHICLF: SFRFD 










FICJ. 4.3-4 - IIOUSKPOWF.R RFQUIKIiMlIN IS AS FUNCriON OF VEIIICLK SPEKD 







M('i. 4.3-5 - IIORSKPOWKR RKQUIRRMKNTS AS l•■UNC^()N OF VFIIICLF, SPFliD 












THERMAL POWER (No RPM LIMITATION) 



































in a not so brilliant pertormancc in the intermediate range. 

.Again the values shown arc only relevant to provide absolute and relative measuring 
means to fully evaluate the various solutions as some of their capabilities are not 
fully exploited in each of the operating conditions selected to compare the 
performance and/or efficiency they can provide. 

All performance characteristics in excess of actual driving requirements can 
therefore be properly modified by appropriate optimization of the transmission 
ratios and/or the control strateg)' and turned into a higher fuel economy, in the same 
way as any performance dcficiencx’ could have been compensated for by appropriate 
optimization of the same design parameters or algorithms at the expense of a fuel 
economy degradation.^ 

As an example, assuming a .Merit Figure .MF - 100 for the best result obtained from 
one alternative for a given parameter, the remaining alternatives can be “ranked’’ with 
respect to such parameter in terms of percent of the optimum performance. 

Giving therefore .MF - 100 to the 0-50 km/h acceleration time of the alternative 
(No. 2. Na*S^ the remaining m.erit figures would be: 


(No. 2, Lead* .Acid) 

94.3 

(No. 3, Lcad-.Acid) 

90.0 

(No. 3. Na-S) 

87.9 

(No. 1, Na-S) 

79.7 

Upon obtaining the .MF’s for the other acceleration conditions an overall .MF tor the 

acceleration behaviour can be obtained for the various alternatives. 

Using the same approach 

on another performance parameter, like for istance the 

Fuel Consumption on FUDC, the ranking of the alternatives would appear as follows: 

(No. 3, Na-S) 

100 

(No. 2, Na-S) 

97 

(No. 2, Lead-Acid) 

97 

(No. 3, Lcad-.Acid) 

94 

(No. 1. Na-S) 

75.3 


Again, upon obtaining the .MF’s for the other consumption conditions, an overall 
MF for the fuel consumption behaviour can also be obtained for the various alternatives. 

An exhaustive comparison among the various alternatives in terms of “normalized" 
ranking of all the performa.nce/cost parameters will be presented in the following 
Subsc. tion 4.4. 


(1) See Ref. [7], Subsection 1.2 
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4.3.5 Production Cost Analysis 

The vehicle cost breakdown in 1978 U.S. $, determined according to the 
methodology described in Section 3, is shown in Table 4.3*9 for the various alternatives. 
The individual costs are intended to represent an estimate of the U.S. manufacturing cost 
for mass production (> 1,500 units/day) of the Hybrid Vehicle components and/or 
subsystems. 

The part lists for the various subsystems are given below. Production costs have been 
obtained for the conventional parts and components by projecting actual FIAT 
production costs of the LANCIA "GAAiVLA” to the e.xpected 1985 production levels and 
technology. Labor costs for vehicle assembly have been attributed to the Chassis and 
Body/Frame Sub$\’stems according to current Fl.'VT methodology’ and data availability. 
Adjustments to account for U.S. manufacturing have been only made at the total cost 
level using the procedure previously described in Section 3. 


Chassis Part List 

— General assembly, organisation and workmanship 
~ Tank, fuel pipes and fasteners 

-* Transmission levers and tension rods 

Muffler, catalytic converter, pipes and fasteners 

— Water tank, cooling liquid tank and pipes 

— Steering knuckle, bearings, wheels, front and rear spacers 

— Rear driving a.\lc and bearings 

— Propulsion system suspensions 

— Front and rear suspensions; coil-springs, pins, track rods front and rear stabilizer bars 

— Steering-wheel for power steering, steering box. steering arms and supports; oil tank, 
pipes and fittings 

— Front and rear brakes 

— Power brakes;box and fittings, pipes and controls and ancillary components 

— Parking brake control and levers 

— Hydraulic control system; pedal and suppers, pump, brake fluid supply tank, pipes, 
fittings and anti-skid braking .s\ stem 

— Electrical equipment controls 
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TABLE 4.3-9 

HYBRID VEHICLE PRODUCTION COST BREAKDOWN 1978 $ VALUE 



CONFIGURATION AND BATTERY TYPE 

No.l 


No. 2 


No.3 

(Na-S) 

(Na-S) 

(Lead-Addl 

(Na-S) 

(LcadAdd) 

358 

358 

368 

358 

358 

1098 

1098 

1098 

1098 

1098 

1921 

1921 

1921 

1921 

1921 

380 

360 

360 

360 

360 

162 

288 

288 

225 

225 

700 

700 

532.5 

voo 

6323 

1380 

1350 

450 

1350 

450 

5949 

6075 

5107,5 

6012 

50443 


INTERNAL COMBUSTION 
ENGINE 

CHASSIS*’' 

BODY / FRAME*” *^’ 

auxiliary ELECTRIC 
SYSTEM ' 

TRANSMISSION 162 288 288 228 225 

ELECTRIC FROPULSION 

SYSTEM*”*^* 700 700 632,8 700 632,5 

POWER BATTERY 1380 1380 450 1360 450 


TOTAL COST 6949 6075 5107,5 6012 50444i 1 


(1) SEE SPECIFIC PART LISTS 

(2) AS PRODUCTION COSTS ARE OBTAINED BY EXTRAPOLATION PROM ACTUAL 
FIAT PRODUCTION COSTS OF THE LANCIA "GAMMA" LABOR COSTS FOR 
VEHICLE ASSEMBLY ARE ATTRIBUTED TO CHASSIS AND BODY FRAME 
SUBSYSTEMS ACCORDING TO CURRENT FIAT METHODOLOGY AND DATA 
AVAILABILITY. ADJUSTMENTS TD ACCOUNT FOR U.S. MANUFACTURING ARE 
ONLY MADE AT THE TOTAL COSTS LEVEL. 







- Heater fan, pipes and controls 
~ Air Conditioner 


Body* Frame Part List (includes Labor) 

Car assembly, mechanical drawings for t\'pe approval, mechanical parts locking 
drawings 

— Body assembly and paint 

— Front frame 

— Lateral frame 

“ Roof panel frame 

— Rear frame 

— Inside panels 

— External coating 

— Floor 

— Dashboard and rcle\ant ancillary components 

— Windshield and supporting components 

— Side windows and ancillar\‘ components 

— Rear window 

— Front and rear doors and ancillary* components 

— Radiator 

— Front and rear seats and ancillary components 

— Battery supporting fixtures 

— Vehicle lifting points 

— Insulating panels 

— Floor carpet and up*holstery 

— Trunk lid and ancillary components 

— Front and rear integral bumpers 

— Spare wheei installation 

— License plates installation 

— Radio inst^'ilation 

— Jack and rojiholder 

— External mirrors and fuel pipe door 


- Safct>- belts and gaskets 

- Sealing, paint and enamel 


Auxiiiaiy Electric System Part List 

- Electric generator, starting motor, spr.rk plugs 

- V'oltagc regulators 
“ ICE starting battery’ 

“ External and internal lights 

- Instruments and switches 

- Windshield wiper and ancillan' components 

- Horn and fuses 

- Emergcnc\' lights 

- 'Electronic ignition system 


Electric Propulsion System Part List 

— Electric .Motor/generator 

~ Reversible Power Conditioner 

— Control unit 

— Orfboard charger 


4.3.6 Reliabilitv, Availabilit\-, Maintainabilitv 

1 ' — — - - - ^ 


While in the prev'ious subsections quantitative results obtained under gi\cn 
conditions were presented and discussed, the R.A.M. characteristics of the components 
included in the various alternatives as well as of the selected vehicle structural approach 
will be now qualitatively addressed. Whilt Configuration No. 1, w hich has a lower rankin 
in terms of performance and/of consumptions, is made of conventional co.mponer.fs with 
csul i.shed characteristics , Configuration No. ? offers witn respect to 

Configuration No, 2 the advantage of a lower ma.vimum torque rating for fhcCN'Kl and 
therefore a lower chance to incur in manufacturing problems. While not e.\:ensivc!\ use,i 
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^tC, 


nowadays, CVRTs ratings sati^'ing Configuration No. 3 requirements already 
correspond to a well established manuf.^cturii^ tedinol^ . The feaubilit>' of a hi^er 
rating CVRT has yet to be validated. Configuration No. 4 would have included, with 
respect to ConHguration No. 3, an additional device, i .e. the clutch, and therefore would 
have a slightly higher probability of failures. In general, die advanced components and/or 
characteristics which are common to all the configurations being evaluated (body in 
hi^er specific resistance matenal, plastic panels, CVRT, electronic control system, tires 
with low rolling resioance coefficient, better aerodynamic drag coefficient Cx) should 
contribute to the reduction of mechanical failure probabilities and, widiin certain limiu, 
of maintenance problems as a result of the reduced power losses and therefore friction 
wear. 


LI 


I I 

j { 


In fact the plastic panels, as an example, besides contributing to reduce the weight } 
and therefore the static load on the supporting structure do not present any of the paint 
and rust interrelated problems common to conventional car bodies. The electronic 
CO trol sv’stem, by continuously monitoring the most important parameters of an 
operating hybrid vehicle, shall promptly warn the driver in case of failures of any kind. 

It is on the other hand expected that most of these advanced components and/or 
technologies should also be introduced in the 1985 conventional U.S. vehicles to obtain 
fuel economy levels in line with the 1985 C.A.F.E. limits. Any characteristics that could 
adversely impact the behaviour of such newly developed components should then 

be common to the conventional vehicles as well. As far as the additional electric 
components specific of the hybrid vehicle propulsion system, such as the electric motor, 
the power conditioner and the batteries, they should not significantly impact the overall 
R.A.M. vehicle behaviour while improving the operating conditions of the conventional 
portion of the vehicle. 

In fact the electric equipment, by actively contributing to the braking function, 
makes the decelerations smoother and reduces conventional brakes wear. The lower 
power rating of the ICE would reduce the vib.'ations induced in the body structure, while 
the engine life itself should be greatly e.xtended by the limited range of operation, 
mantained under optimum conditions, most of the time with most of the acceleration 
power provided by the electric motor. 

On the other hand, the electric motor itself, with no parts in alternative motion, has 
an excellent record of field proven operation. It should present therefore veiy few 
probabilities of failures and of maintenance problems; the possible choice of an advanced 
brushless electric motor, automaticallv switched bv means of electronic devices could 


e\en further reduce maintenance requirements of die electric power system. 

Finally the traction batten.' could actually represent a critical item in terms of 
R.A.M. as its reliabllitv', or more simply its operating life dial! be strictly related to the 
extent of discharge required by die mission range and the system control strateg)'. A 
hybrid vehicle could be in fact designed for operation with any level of batter>' discharge 
per day within the allowed range. Zero or lij^t discharge would result in a long batteri' 
life and reduced fuel economy: deep discharge would result in a shorter battery life but 
maximired fuel economy. For a given b. ,ter\' weight and vehicle fuel cconomy/range 
operating condition, the Na*S battery diould have several times the life of a Lead Acid 
battery. On the other hand the Na-S battery, due to its continuous high temperature 
condidons, is expected to show an absolute life limit of about 5 years, irrespective of the 
actual charge/discharge cycles. 

The Lead Acid batteries do not present any problem as far as fault)* elements 
replacement is concerned. Maintenance of the Lcad*.\cid batteries requires periodic 
checking of bauejy performance, and restoration of the electrolyte level with distilled 
witer.For die Na-S batteries, the problems that might arise from the high number of 
elemcntarv* cells (above 400) and consequently from a higher probabilitv* of a single cell 
failure, is to be solved by means of an adequate qualit)' control plan with a resulting 
impact on the battciy price. It is expected that in terms of mean time to repair, the 
batteiy layout can be designed in such a i^ay that fault)* modules made of several cells 
can be easily identified and replaced with minor problems related to the handling of high 
temperature parts. 

On the other hand since the most probable failure mode is represented by a short in a 
single cell, the high number of cells should have a favorable inpact on the overall 
module/battery availabilit)’. The parallel connection of multiple cell strings should in fact 
allow the battery to withstand even multiple cell failures without relevant 
performance degradation. < 

It should also be pointed out that, since die hybrid vehicle system consists of two 
different and independent t)*pcs of motors, it presents a very low probabilit)* of failures 
in both motors at the same time and the driver, therefore, should always have a chance to 
get at least to the nearest garage. 


4.3.7 Life Cycle Costs Analysis 


The life cycle cosu, in 1978 $ figures, are shown on Table 4.3*10, for configurations 
N’o. 2 and 3 with either t>‘pe of battery. The .Mission Analysis has indicated that the 
average K5 vehicle travels on Mission M3 an average of 13,300 miles per year and, since 
the vehicle life has been set, for the conventional vehicle, at 100,000 miles or ten years, 
whichever comes first, a nominal vehicle life of 7.5 years has been established for life 
cycle cost analysis at the trade-off level. The values shown on the table have been 
obtained following the same methodology used for the conventional ICE Reference 
Vehicled). 

It must be emphasized that the resulting life cv'cle cost has been obtained using the 
vehicle operating data (fuel consumption, average daily discharge level) previous!}’ used to 
compare the various alternatives. 

Since, as previously outlined, no effort was made to optimize the exploitation of the 
fuel saving potentials of the various solutions, these cost figures should be evaluated in 
the light of the following considerations: 

a) better fuel consumptions could be obtained by simply optimizing the propulsion 
system control strateg}’; the c.xpected improv’ement would be rather impressive for 
the Sodium-Sulphur Batter}’. 

b) the fuel cost savings should be on the other hand somew'hat offset by the battery 
replacement and repair cost which have not been considered due to the limited 
discharge wfiich either battery would be subjected to by the control strategy actually 
used in the simulated operating conditions. In this respect the Sodium-Sulphyr 
batter}', considering its higher purchase price, is penalized by a much lower degree of 
utilization during the vehicle life than the Lead-Acid batter}’. It was felt how'e\’er 
more appropriate for the present level of battery definition, not to make any guessing 
on possible battery salvage value which has conservatively been neglected in all cases 
in line w'ith the assumptions made for the conventional reference vehicle. 

These life cycle cost data should be therefore considered as absolute maximum limits 
which should be worked on during the conclusive preliminaiy design effort, to 
identify minimum operating costs on the one side and maybe more appropriate cost 
estimating relationships and assumptions to be applied, for sake of comparison. to the 
conventional reference vehicle as well. 


(1) See Ref. [ 13 ], Subsection 1.2 
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TABLE 4.3-iO 

HYBRID VEHICLE LIFE CYCLE COSTS 1978 $ VALUE*’ » 



CONFIGURATION AND BATTERY TYPE | 

ITEM 

(Na-S) 

No. 2 
(I,ead*Acid) 

No 

(Na-S) 

(Lead-Acid) 

PURCHASE PRICE 

1E.1S0 

1031S 


10,089 

sales tax 

§07 

611 

601 

504 

INTEREST 

841S 

4391 

5.787 

4330 

SALVAGE VALUE**’ 

. 

“ 



A - ACQUISITION COST 

l8gS7S 

15317 

183S2 

15,423 

TIRES, REPAIRS AND 
ROUTINE MAINTENANCE 

6,500 

6,500 

6.500 

6300 

ANNUAL TAXES, LICENSE 
AND REGISTRATION **’ 

240 

240 

240 

240 

INSURANCE *’’ 

1,540 

1,419 

1330 

1,413 

FUEL (GASOLINE) 

1,950 

1,950 

1.866 

2,035 

ELECTRICITY 

228 

181 

187 

167 

BATTERY REPLACEMENT 


- 

- 

- 

SALES TAX ON 
BATTERY REPAIRS 

- 

1 

- 

- 

INTERESTS ON 





BATTERY REPAIRS 


* i 



8 - OPERATING COSTS 

10,458 

10390 

10,323 

10,^5 

C ~ LIFE CYCLE COST (A +8) 

29,033 

26,907 

28,705 

25.778 

0 - VEHICLE LI 

FE: 7.5 YEARS AND 100.000 MILES. 

COSTA'EAR 

3351 

3,445 

3317 

3,428 

COST/MILE 

0.290 

0.259 

0.287 

a258 

COST/KILOMETER 

0.180 

0,161 

0.178 

0.160 

E - TOTAL FUEL AND ELECTRICITY CONSUMPTION ON VEHICLE 

LIFE 

GASOLINE, gal 

2,030 

2,030 

1,932 

2.120 

ELECTRICITY, kWh 

5,687 

4,511 

4,668 

4.173 


m DISCOUNT RATE FOR PRESENT VALUE CALCULATIONS: PRIVATELY OWNED - (31 2i) X MANUFACTURING COST 

(31 5% APPLIED TO PURCHASE PRICE - (41 12\ ANNUAL PERCENTAGE RATE I A.P.RJ FOR 4 YEARS APPLIES TO 
PURCHASE PRICE ♦ SALES TAX - (5! THE ASSUMED LIFE MILEAGE OF 100,000 MILES ESTABLISHES A ZERO SALVAGE 
VALUE - (61 S 33^'EAR - 17) S 125 ♦0.01 X PURCHASE PRICE (FOR FIRST 5 YEARS AND S 75 + 0.006 X PURCHASE 
PRICE SUBSEQUENTLY). 



4J.8 Gpcrational Qualin*: Handling, Noise and Safcn^ y 

Handling and noise considerations have not,' so £ar, influen^d the design |] 
characteristics of the vehicle architecture and the propulsion system altematives. While the 
last ones have no significant Impact on the vehicle handling qualit)*, a different behainour 1 1 
exists as a result of the differences between the hybrid and conventional vehicle 
architecture. The hybrid car is in fact a heavier vehicle because of the battery addition c ; 

but. being its center of gravin' closer to the vehicle center, load variations result in i J 

reduced excui»ions with respect to conventional vehicles equipped with front wheel drh'e. , . 

The yaw movement however could be more pronounced, because of the larger { | 

momentum of inertia, due to the batteries located in the rear compartment and should be 
adequately compensated for by proper rear suspension design. | \ 

The average nobe and vibrations are largely reduced in a hybrid vehicle because of the 
lower power engine operating in optimal conditions and thanks to the smoother | | 
operation of the electric motor. The complete electric s\'stem shall be totally insulated to 
provide a high degree of safety during normal maintenance procedures as well as in case 
of accidents. A strong and efficient structure shall guarantee the safetv' of the passenger 
compartment according to the most advanced safety regulations.The batteries shall be 
adequately secured to the body structure to prevent them from affecting the passenger 
compartment integrity cither in case of frontal crash or back bumping. 
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4.4 TRADE-OFF DATA REVIEW .\ND REFERENCE CONFIGURATION SELECTION 


In the previous Subsections die various desipi and performance parameters have 
been presented and compared in absolute terms and e.xi$ting interdependences have b<^n 
outlined. 

As the usk objective was set in terms of Trade-offs among technical alternatives 
rather than between conflicting performance parameters (consumption and accelerations, 
for istance) no optL. ized conditions for the various alternatives had to be defined. 

The various design and performance parameters were therefore analyzed during the 
Trade-off Data Review to identify the alternative(s) hating the higher potential of 
minimizing the Hybrid Vehicle fuel consumption. 

.\mong the design parameters which varied among the analyzed alternatives, only 
the vehicle weight and production cost appeared to have some impact on Trade-off 
considerations; the lower operating power rating (for a given w^eight) of the Lead-.Acid 
battery with respect to the Sodium-Sulphur battciy. being already accounted for by the 
performance behaviour, should not be overemphasized by a specific Trade-off assessment. 
The performance parameters which were used to assess the alternatives are: 
Consumption on standard cycles and daily (mission) cv'cle. 

— Emissions on Standard Cycles. 

— Accelerations. 

— Nonrefueled Ranges on Standard Cycles. 

— Top Speed. 

~ .Ma.\imum speeds on Grades. 

— Life Cycle Cost. 

— Gasoline Consumption on Vehicle Life. 

— Electricitv’ Consumption on Vehicle Life. 

For each selected parameter (design or performance) a Merit Figure .MF was 
calculated using the same criteria described on Subsection 4.3.4. and the results are 
shown for all the alternatives on Table 4.4-1. 

Following the first parameter column (\’chiclc Weight), two .MF values are given for 
each parameter, the **a” column corresponding to the actual parameters’ .MF and the “b” 
column corresponding to the cumulative .MF (average with all the previous parameter 
MF’s). While applying different weights to the various parameters appeared quite 
reasonable, it was felt more appropriate not to include ir, this evaluatio.'. ar. clcr.-.ent of 
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rABLE 4.4-1 















































disotcionaltty which could deteriOTate die visibUii)' of die actual maUt. Unit wri^tt tor 
all parameters were therefore used u^iile ow idewpoint U only addednt die end in terms 
of qualimdve comments and condusions. 

The almnative corr^ponding to Configuration No. 1 widi Lead'Add battery was 
discar^d at the Consumption sage u it was already rankii^ last, while not satisfying 
acederatiem requiremena on FUDC and FHDC. 

The alternative corre^nding to Conf^uration No. 1 widi Sodium*Sulphur battery 
VOS evaluated throughout the Production Cost: it was diai discarded as rankir^' Hfth, 
sgnificantly below the fourdi one (Configuration No. 3 widi Lead*Add battery). 

It can be noted that, as expected from the considerations previously made on die 
more limited operating power available from a given weight of Lead*Acid batter>', the two 
remaining alternatives with Sodium-Sulphur battery always ranked at the Hrst two places. 

Configuration No. 2, due to die transmission ratio adjustment which provided it 
with the best performance characterisdes, ranked first from Parameter No. 3 (Emission) 
throu^ No. 10 (Gasoline Consumption on Vehide Life) dianks to ia top rating in all 
vehicle performance parameters (No. 4, 6 and 7). 

Configuration No. 3 w'hich did not require transmission ratio adjustments to meet 
performance specidcatiuns (and should have had therefore better performance 
characteristics as well under similar conditions) mainains a hi^er margin in consumption 
ntio (i.e. corresponding relative .MF's) with respeCT to Configuration No. 2 consumption 
parameters (No. 3, 5, 10, 11) wdiich outpasses its worse behaviour (at those conditions) in 
performance parameters. 

It should not be overlooked, that a ceruin amount of "preferential" wei^t has been 
actually given to the consumption parameters (which favour Configuration No. 3) in view 
of the higher number of such parameters included in the average. However it must be 
observed that the average of the consumption MF’s are 90.5 for Configuration No. 2 and 
97.1 for Configuration No. 3 while the average of the corresponding performance MF’s 
are 100.0 and 95.6 respectively (Na*S battery only). 

The composite Consumption/Performance MF would therefore always favour 
Configuration No. 3 96.3 to 95.2 in terms of .MF average or 107.8 to l<^^.6 in terms of 
corresponding MF ratios. 

Should one therefore consider the heavier emphasis to be placed on fuel 
consumption as well as the yet-to-be-proved availabilitv' during Phase II of a CVRT with 
higher torque ratings (which should further penalize Configuration No. 2 in terms of 
c.xpcctcd Rcliabilit)- .MF) it can be sated that Configuration No. 3 has proven to be the 
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most appropriate to meet ^e program objective wi^in die conceptual design alternatives 
that imt been evaluated. 

Wliile diis appears a clear-cut decision for die alternative uith Na-S battery, the 
availability of the CVRT on the electric motor too would actually make Configuration 
No. 2 using Lead-Acid battery sli^tly better chan Configuration No. 3 from the .VIF 
rating standpoint. 

Howevo the same ccmsiderations made above for the alternatives using Na-S 
batteries should make the margin less significant or even reverse it; considering 
furthermore diat a Lead-Add batury does not, after all, seem the most appropriate 
solution to obtain the results that could be e.xpceced in 1985 from a hybrid vehicle as 
advanced as it should be, it appears that Configuration No. 3 is die most appropriate 
choice to complete during the Preliminary Design Task the Hybrid Vehicle conceptual 
design optimization using,among all the available battery types, the most suitable to do its 
job on a Hybrid Vehide for which Hnal assessments on mission M 3 range distributions, 
corresponding fleet mix and life c\*de costs have been made. 





SECTION 5 

FINAL VEHICLE CONCEPTUAL DESIGN 






5.1 HYBRID VEHICLE DESCRirriON 

The l»^ scheme of the l^hrid Vdi^ is ia Figures 5.1*i/5.1*l.lt connsts 
of a two'Voluhie v^icle with i six*<pamnger o^i^ty. The vehicle pn^de has bmi 
carehtliy studied to provide aa aero^rhunic <k^ coeffiekat • 0.3 so thu fuel 
^amny caa be asaximked. 

The eaergy absoHtiaf koat aad mr ImiopCTS are laical to die vdiicle body which 
is of the seif brnruig type ami omnsts of a memttk fnaw; nude of HSLA steel coveted by 
plastic (SMC) paaeis. This sdution provides excellent strength/wei^t ratio 
chancteristics. 

The vehicle ov^alt dimeasions are: 

Length 4,710 nun 

Width 1,800 mm 

Hei[^t 1,400 mm 

Wheelbase 2,730 mm 

Track (front/rear) 1,510 mm 

Complementing the advanced body design, relevant ^ace and wei|^t savings as well 
as convenient fitting of the traction biittery in die rear compartment, under the trunk 
volume, are provided by die front wheel drive. The propulsion system is transversaUy 
mounted in the front end compartment and consists of two parallel units: a conventional 
Internal Combustion En^e connected to a Cot'.rinuously Variable Ratio Transmission 
(CVRT) through a lock*up Tcuque Converter; a DC Electric Motor/Ceneratm connected, 
by means of fixed ratio gear wheels and transmission chain, to die transmission output 
shaft, which drives the front wheels throu^ the usual differential grouo. 

The front end compartment also houses the cooling s>'stem, the electric motor 
power conditioner, the microprocessor based vdiide control system, the auxiliary’ electric 
system batter)', die starting motor, die air omdidoner and die ^are tire. 

The power steering box is located bdiind the propulsion group for safet)* reasons. 
Two Me Pherson independent, wheel front suspensions provide exceUent ^ace availability 
to conveniently fit the compact propulsion system under a low profile hood. The 
passenger compartment is unusually roomy and comfortable thanks to the absence of the 
drive shaft tunnel and is given excellent protection by the enclosing rigid and 
undeformable frame structure. The wide windshield and window surfaces allow good all 
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BASIC SCm-^IK 








FRONT/REAR VIEW 






around visibilit\\ The fuel tank is in a protected position under the rear seat. 

The rear independent wheel suspensions use torsion bar longitudinal trailing arms to 
allow the most convenient battery fitting between die wheels keeping the trunk floor at a 
surprisingly low level. 

Exhaust emissions are kept within required limit tolerances by means of a simple 
three-i^^y catalytic converter thanks to the engine low displacement. 

It can be obseved that, without varying die general body structure, the rear end 
compartment was studied to allow die fitting of either type of battery being ev'aluated. 
Should the hybrid vdiicle use a Na*S tx^pe battery (Figures 5.1*4 /S. 1*6) the required 
sealed and thermally insulated container would be conveniendy integrated widiin the 
body structure. The Lead-Acid batterx* (made of tw-elve elements) can be held in place 
using a simple cajw frame as shown on Figures 5. 1-7/5. 1-9. Due to the smaller batteiy 
dimensions, the rear track can be reduced to 1,450 mm. 

The above Figures 5. 1-4/5. 1-9 also show in greater layout detail the various 
components, which have been described, above. 


The vehicle weights breakdown is as follows: 



Na-S 


Lead-Acid 

— Internal combustion engine, kg 


12S 


— Chassis and auxiliary electric sj’stcm, kg 


535 


— Body /frame, kg 


602 


— Transmission, kg 


65 


— Electric propulsion system, kg 

150 


140 

— Traction battery, kg 


300 


Total weight, kg 

1580 


1570 







I 


It can be observed that in spite of the extra w’eight of the battery the total weight 
figure is quite acceptable. ' 

The body design approach (use of SMC ty’pe plastic panels on a special hSL.A t\ pe 
steel frame structure) has significandy contributed to such a result. 

The curb weight distribution on the two a.xles is a follows (heavier solution, Na-S 
battery): 

front axle load 
rear axle load 


865 kg 
715 kg 
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MYBRil) VKHICU;, SODIUM SUI J*liUK BAlTliRY VKKSION 







SODIUM-SULPHUR BATTKRY VKKSION 








IlYBKtl) VlilllCLK, SODIUM-SUIJ'IIUK BA'ITKKY VKKSiON 









HYBRID VKIIICXK. l.liAD ACIID BA ITKRY VKKSION 






5.2 CONCEPTUAL DESIGN DESCRIPTION 



In the previous subsection the proposed Hybrid V'ehicle characteristics have been 
addressed from the users’ point of new which are related to its function of carrying a 
passenger and cargo payload on the assigned mission. This subsection deals with “under 
the hood” vehicle engineering aspects that are related to the vehicle interactions with the 
driver and the environment and to the interrelationship among the various subsystems 
and components. Tentatiw design specifications, at the component level are presented in 
Subsection 5.2.2. 


5.2.1 Basic Vehicle Block Diagram 

A basic system block diagram of die hybrid vehicle is shown on Figure 5.2-1. It 
sv’nthrsizes the vehicle conceptual design characteristics which will be analyzed with some 
detail in the following subsection 5.2.2. 

The vehicle black-box is shown as a system which upon supply from external power 
sources (electric energy and fuel) or consumables (water, lubricants etc.) uses or opposes 
the environment (ambient air, road friction, earth ^avity) to cariy around a given 
payload. In the process the system mainly performs heat and fluids/particulatcs 
exchanges with the environment while acting as a noise source. 

The power sources provide traction power to the drive wheels through die 
transmission which is the final element of the hybrid propulsion system including the 
thermal engine with its sensors and actuators on the one side and the electric 
motor/generator with its sensors on the other side. While the engine proiides the usual 
conversion from fuel chemical energv- to mechanical encrg\' (plus heat, emissions and 
noise, partly recuperated or filtered out through heat exchangers and a catalytic 
muffler/convertcr), the electric power is supplied to the' motor from the traction batteiy 
via the power conditioner. The battery energy’ is restored cither through the charger 
(on-board or off-board) or through the motor (acting as a generator) and the reversible 
Power conditioner which, during the vehicle decelerations, rccupcratcs.via the transmission, 
the excess vehicle kinetic energy thanks to the whcels/road pavement friction. 

In case an advanced high-temperature battery is used, the bai.ery heat exchange 
assumes a paramount relevance as it must be extremely limited during stand-by 
conditions <to prevent fast battery cool-down) .ind very active during the vehicle 
accelerations when heavy currents are drained from the battery resulting in significant 
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heat dissipation due to its internal resistance. This function shall be independently taken { | 
care of by means Of the batter>' auxiliaries. 

In addition to the re^nerath’e braking action previously addressed, com’cntional 1 1 
brakes are also used to decelerate and bring the vehicle to a complete stop. While 
regenerative braking would mostly apply to downhill speed limidng or smooth vehicle f | 

slow do 'ns at higher speeds, the conventional brakes action shall take care of the vehicle * ' 

stops or slow speed slowdowns and of all die emergency situations, . 

Wheel braking as well as steering operation require appropriate power assist which is ^ ■ 

provided by equipment included in the vehicle auxiliaries together with the air conditioning 
heating and ventilation systems. It is expected titat all the auxiliaries should operate in a Li 

hybrid mode and therefore die required auxiliary power should be obuined from die 
transmission output rather than from the engine or the battery themselves. 1 1 

The final aspect of vehicle operation yet to be analyzed is the driver*vehicle 
interface. In addition to the conventional commands and controls, its expected diat the | \ 
hybrid v^icle, designed for use in the mid 80’s by an energ>**concerned drivers 
population, diould grasp any advantage made available by sute^ifrihe art technolog\'. It 
has been therefore assumed that driver-vehicle interactions will play a major role in 
providing the optimum performance/cost combination. 

The control unit will dierefore supervise and direct most of die vehicle operation on 
the basis of optimized control strategies and properly interface the drim dirouj^ a 
dashboard handling the various operating senings and di^Uy functions to acknowledge 
the driver’s instructions and inform or warn him or her on die vehicle operating sums in 
a simple and straightforward manner. 


S.2.2 Vefaicle Components and CharaCTeritrict 


As a result of the Trade>off data review made to compare die interim results 
pro\*ided by the various alternatives, the configuration with Continuously Variable Ratio 
Transmission of engine power only was selected for the Hybrid Vehicle Propulsion 
System to be optimized during die Preliminary Design Task. 

The various componenu characteristics used to deHne die ‘inceptual design are 
presented here: both design parameter values which would result from die use of either 
battery^ are shown w-here appropriate. 


5. 2. 2. 1 Internal Combustion Engine 

A single engine t>*pe v ould be used for either solution. The main characteristics are: 

- Four in-line ci'linder:. 

- Displacement 1. 1-1.3 1 

- Pou*er rating 37 k\V at 5,500 r.p.m. 

- Max Torque 7.6 kgm at 4,000 r.p.m. 

- Weight 128 kg 

- Compression Ratio 8.9:1 


S.2.2.2 Electric Motor/Generator^^^ 


Both solutions use a DC motor widi 

separate excitation 

with different 

diaracteristics as follows: 

' Na-S 

Lead-Acid 

— Nominal voltage (V) 


144 

— Mv field current ( # Nom. Voltage) (A) 


3.7 

— RPM • Nominal Power 

2,500 

5.000 

Nominal Powtr (kW) 


20 


(1) During the Preliminar>' Design other advanced t>*pe batteries will be eialuated in 
addition to the two ripes considered during the Irade-oft Studies. Prcliminar>- 
Information on Ni»-S and Lead-Acid Batteries is pro^'ided in Appendix 3-3. 

(2) See Ref. (21 ]. Subsection 1.2 
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Peak power (kW) 
Weight (kg) 
Dimensions (mm) 


Lead‘Acid 


0 100x430 0 290x430 


S.2.2.3 Traction Battery 


The Sodium*Su!phur and Lead*Acid batteries mainly differ in terms of power. 
apacit>% efHcienc)', operating temperature and initial cost. Their main characteristics'^^ 


- Nominal voltage (\0 

- Capacity' (Ah) 

- Operating Discharge Limit 

- Max Discharge C urrent (A) 

- Specific Energy 

- Max Power 

at full char^ (kW) 

at end of 

operating discharge (kW) 

- Number of elements 

- Wei^t (kg) 

- Dimensions (mm) 

- Operating Temperature (*C) 


144-72 


Lead-.Acid 

144-110 


794x976x400 775x830x300 

300-350^ Ambient 
Temperaturt 


(1) A more detailed analy sis of the batteries’ characteristics is provided in Appendix 3-5 


5-16 












5. 2. 2.4 Power Conditioner 
The main characteriitics are: 


Na-S 


Lcad'AciJ 


T>-pe 

Max output current (A) 
Weight (kg) 

Siae (mm) 


Double chopper 
450 
50 

400 X 250 X 300 


Double chopper 
250 
50 

400x280x 300 


5.2.2.5 On board batter>’ charger 
The main charaaeristics are: 
Ty-pe 

Input voluge (V) 

Input current (A) 

Output voltage (V) 

Output cu>,«nt (A) 


Na-S 

Constant current 
120 
30 

144-180 

22 


Lead-.Acid 
Constant current 
120 
15 

144-190 

10 


5.2.2.6 Trannnission 

The transmission is made of die componenu listed below mounted in this order 
and with the following main characteristics: 

a) Lock-up Torque Converter: 

Extcmai diameter (in) 8**'/^ 

Transmission ratio: • 1 - 2,1 

Tlw lock-up clutch operates at (RPM)^^j/(RPM)j„ above - 0.86 
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b) Continuously Variable Ratio Transmission (CVRT) 

Transmission ratio - 0.5 — 2.0 

Beit pulley drive 

Ma.x Torque (kgm) ai 1 > 

c) Fixed ratio gears 

Na-S Lead-Acid 


1.0 


0.7 


d) Differential gears 


Ratio: 

e) Overall ratio: 




Na-S 

5.0 

Na-S 

2.5 - 1.0 


Lead-Acid 

8.0 


Lead-.\cid 

2.8 - 11.2 


5.2.17 Brakes 

Self-adjusting Power Disc (on the 4 wheels). Dual, independent hydraulic system. 

Regenerative braking by means of the electric system, in addition to the fuel 
economy improvements, significantly reduces conventional brakes wear. 

Motor/generator inertia significantly contributes to, prevent wheels lock-up under 
skidding conditions. 


5.2.18 Tires 

Advanced low-rolling resistance tires are used to improve the vehicle fuel economy 
without compromising on vehicle handling and safet\\ 
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I II 

0 

I 

I 0 


The main characteristics are; 

Type 

Max Working Lead (kg) 

Outer Diameter (mm) 

Inner (wheel) Diameter (mm) 

Width (mm) 

Deflection (mm) 

Inflating Pre«mre (kg/cm^) 

Weight (kg) 

Roiling Resistance Cc^fficient (K^) 


S.2.2.9 Steering 


Turning circle Diameter, (m) 


Tubeless Steel*belted Radials 


’ 406 (16”) 


2.2 (31.3 psi) 

7.0 


Rack and Pinion Power 


11.25 


5.2.2.10 Handling 

The four independent suspensions and the well balanced uei^t distribution provide 
excellent stability with respect to conventional front wheel drive vehicles. 

The electric motor provides quiet, smooth and quick responsive accelerations. 


5.2.2. 1 1 Noise and Vibration 

Reduced engine power associated with optimized operating conditions provides 
unusually comfortable driving especially on accelerations which are mostl\’ made on 
electric power. 
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5.2.2.12 Safet)' 


mmmmm 




The V'chicle design complies with all the expected 1985 U.S. Safety Regulations 

SpcciHc attention has been paid to the adequate fitting of the traction batten.’ in the 
rear end compartment and to passenger compartment integrity under various crash 
conditions: 

5.2.2.13 Reliability 

~ Notwithstanding the higher number of components than in a conventional vehicle, 
the hybrid vehicle provides the user with lower chances of breakdowns because of 
the two indenenden’” power systems. 

— Optimized operating conditions significantly extend the engine life . 

— Non-alternative electric motor operation minimize the fatigue effects of vibrations 
(particuiarh- on accelerations and stop-and-go driving). 

— Pure electric driving capability’ eliminates engine wear on traffic tied-ups. 


5.2.2.14 Availability and .Maintainability 


The mk-oprocessor based control system, while essential in satisfying al' the vehicle 
operating requirements, provides a valuable tool in performing on-line diagnostic of 
various vehicle performance parameters, thus preventing some breakdown conditions and 
simplifying many failure identifications in addition to conventional testing procedures. 

Ease of access to the traction battery’ is prenided for cither check-up or 
maintenance/replacement operations. 


S.2.2.1S Control Unit and Panel Dashboard 

The characteristics of these two systems will be analysed during the Preliminary 
Design Task only. 
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5.3. VEHICLE PERFORMANCE QUANTIFICATION 
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A summary' of the Vehicle Performance parameters quantification is presented on 
Tables 5. 3- la and 5.3-lb. 

The jPL Minimum Requirements and the Performance Specifications obtained from 
the “Mission Analysis and P«fotmance Specificanon Studies” are listed for reference, 
where av-ailable, on the first two columns. 

The Vehicle Characteristics, as shown on the third and fourth columns correspond 
to the two battery solutions evaluated in connection wid\ Configuration No. 3, which was 
selected at the end of the Trade-off Data Review. 

.Appropriate comments are showm, where applicable, on the fifth column to indicate 
whether the two solutions meet .Minimum Requirements and / or Performance 
Specifications. 

The only parameters which do not meet .Minimum Requirements are the Emissions 
and the Consumer Costs. 

For the Emissions, as e.\plained in the previous Subsection 4.3., die values shown are 
referred to those calculated at the engine exhaust, since it was felt more appropriate to 
evaluate the actual engine emissions than to include a possible cauiytic converter model 
and calculate the expected vehicle emissions. As previously pointed out, the resulting 
engine emission level can be easily brought within the re 4 :*ired limits by simply using a 
3-way catalytic converter. 

For the Consumer Costs, the hi^er cost of a Sodium-Sulphur battery significantly 
affects the resulting Life Cycle Cost due to the fawt that its high energy* storage capability 
is apparently not particularly suited to the “average" vehicle used on the “average” 
general-purpose mission. 

Since the NPTS data show that among the purchased used cars about 15*^ are only 
1-year old and about another 15% arc only 2-ycars old, an in-depth analysis of this 
specific sector of the passenger vehicle fleet, which should correspond, on mission My to 
the range of highest annual travel, could identify a more appropriate market and useage 
segment to ful'y exploit the fuel economy potential of the Sodium-Sulphur battery . The 
average Life Cycle Cost situation could improve on the other hand due to the Sensitivity 
.Analysis results considering the much higher than expected rate of increase of the 
gasoline price. 

In the last rwocolumnsof the table 5. 3. la (besides the Comments columnl% margins 
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over the Minimum Requirements and the Performance Specifications are shown where 
applicable, to identif)' an absolute merit figure, as compared to the relative merit figure 
used in Subsection 4.4 to establish a ranking of the various alternatives. 

The data shown confirm that, thanks to the better transmission ratio adjustments, 
the solution with Lead-Acid battery has better performance characteristics than tlie 
second one at the expense of a higher fuel consumption. 

This is pointed out by means of the Improvement Potential assessments made on the 
corresponding column of Table 5.3-lb. 

While both solutions have excellent improvement potentials (by means of better 
control strategies) in the standard c\*cles Fuel Economy, thanks to the corresponding ver\‘ 
limited range, the fuel economy improvement on the daily c^'cle range is only “fair” for 
the Lead-Acid batter\* solution but remains “excellent” for the Sodium-Sulphur battery. 

The difference in the improvement potential is even more dramatically emphasized 
anah'sing the situation for the Nonrefueled Range characteristics taking also into account 
that a higher improvement potential in the range itself can always be turned into a 
corresponding improvement in fuel economy. 

This leads to the conclusion that, on the basis of the considerations made above on 
the Life Cycle Costs, a good improvement potential should exist, on this parameter too. 
for the solution with Sodium-Sulphur batter)* even without taking into account all the 
peculiar characteristics of a hybrid vehicle which should ultimately provide it with longer 
operating life than the equivalent conventional vehicles. 


